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The dynamic control of electromagnetic waves forms the basis of modern 
communication technologies. Although sources of microwaves can be controlled by 
electrical means, the active control of microwaves in the free space has been a 
challenge due to the lack of an active material. Graphene, the 2-dimensional crystal 
of carbon, provides a unique platform to control light-matter interaction in a broad 
spectrum. This thesis describes a new approach to control microwaves using large 
area active graphene devices. Our strategy relies on electrostatic tuning of the density 
of high mobility charge carriers on an atomically thin graphene electrode which 
operates as a tunable metal in microwave frequencies. We developed a method to 
synthesize large area graphene (20x20 cm2) by chemical vapor deposition. Using 
large area graphene electrodes, we demonstrate a new class of active surfaces capable 
of real-time electrical control of reflection, transmission, and absorption of 
microwaves over a broad spectrum. These active devices allow us to fabricate 
electrically tunable microwave surfaces such as switchable radar absorbing surfaces 
and tunable metamaterials with modulation depth of 50𝑑𝐵 and operation voltage 
of 3𝑉. Large modulation depth, simple device architecture, and mechanical flexibility 
are the key attributes of the graphene-enabled active microwave surfaces that could 
find a wide range of applications ranging from active signal processing to adaptive 
camouflage. 
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Elektromanyetik dalgaların dinamik olarak kontrol edilmesi modern iletişim 
teknolojilerinin temelini oluşturmaktadır. Mikrodalga kaynaklarının kolaylıkla 
kontrol edilebiliyor olmasına rağmen, kaynaktan ayrılan mikrodalgaların boş uzayda 
kontrol edilmesi mikrodalgada kullanılabilecek aktif bir malzemenin olmayışından 
dolayı çözülmesi gereken çok önemli bir problemdir. Bu tezde geniş alanlı grafenden 
elde edilmiş aygıtlar kullanarak mikrodalgaların yeni bir yaklaşım ile kontrol 
edilmesi anlatılmaktadır. Kullandığımız teknikte atomik derecede ince olan ve 
mikrodalga frekanlarında degişken bir metal gibi davranabilen grafen elektrotlar 
üzerindeki yük yoğunluğunu elektrostatik olarak kontrol ediyoruz. Geniş alanlı 
(20x20cm2) grafen tabakaları kimyasal buhar yükleme sistemi kullanılarak 
sentezlenmiştir. Bu geniş alanlı grafen tabakalarını kullanarak geliştirdiğimiz aygıt 
sayesinde mikrodalgaların geniş bir band aralığında geçirgenliğini, yansımasını, ve 
emilmesini elektriksel olarak kontrol edebiliyoruz. Bu aktif yüzeyler sayesinde açılıp 
kapatılabilir radar emici yüzeyler ve kontrol edilebilir metamalzemeler 50dB genlik 
seviyelerine kadar sadece 3V voltaj uygulayarak kontrol edilebilmiştir. Yüksek 
mudülasyon oranı, basit aygıt yapısı ve meknik esnekliği, üretilen mikrodalga 
modülatörlerinin en önemli özellikleri ve bu aygıtlar aktif sinyal işletiminde, 
kontrollü görünmezlik araştırmalarında geniş bir uygulama alanı bulabilir.   
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Graphene is a new candidate for an active material to investigate light matter 
interactions. Monoatomic thickness, linear band structure, high mobility charge 
carriers together with the electrical tunability are the key physical properties that 
make graphene unique to control electromagnetic waves in a very broad spectrum. 
This broad optical response originates from interband and intraband electronic 
transitions. In visible and near infrared frequencies, interband transitions yields a 
universally constant optical conductivity of 𝜎 = 𝑒2/4ℏ where 𝑒 is the charge of 
electron and ℏ is Planck’s constant. As a consequence of that graphene can absorb at 
most ~2.24% of the incident radiation (Figure 1.1) [1]. This broadband constant 
optical conductivity can be blocked by doping. When the Fermi energy of graphene 
is above half of the incident radiation energy, Pauli blocking suppresses the interband 
transitions hence graphene becomes transparent below that energy. For long 
wavelengths, from far infrared to microwave region, graphene has a frequency 
dependent optical conductivity of 𝜎(𝜔) = 𝜎0/(1 − 𝑖𝜔𝜏) due to the dominant 
intraband transitions where 𝜔 is frequency and 𝜏 is scattering time. For this regime, 
the optical conductivity of graphene is due to intraband transitions and it can be 
enhanced by doping. In the free standing form, doped graphene can absorb at 
most 50% of incident radiation when the impedance of the graphene matches the half 
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of free space impedance (377𝛺) (Figure 1.1). This significant amount of absorption 
can be tuned by varying the charge density of graphene (Figure 1.1). This tunable 
optical absorption over a broad spectrum makes graphene a unique material for 
optoelectronic applications. Figure 1 summaries some possible applications based on 
tunable optical absorption of single layer graphene. 
 
Figure 1.1 Graphene based optoelectronic devices working in various wavelengths 
investigated by our group. The highlighted devices in the microwave regime are 
investigated during my Ph.D. study. This thesis will describe the fabrication and 
characterization of these devices. The graph shows the calculated optical absorption 
of single layer graphene which yields controllable optical absorption in a very broad 
electromagnetic spectrum. Although the amount of absorption in visible and infrared 
wavelengths is small, especially for the long wavelength region tunability is as high 




 Although the main stream graphene research is focused on electronic 
applications, recently, there has been various device structures investigated to tune 
the optical properties of graphene from visible to terahertz frequencies. Feng Wang 
et al. develops a gate tunable absorption in infrared for the first time [2] and Li et al. 
investigated the optical properties of graphene by varying conductivity of graphene 
again in the infrared [3]. Ming Liu et al. developed a broadband electro optical 
modulator mounted on top of a waveguide working in near-infrared wavelengths [4]. 
Polat et al. investigated for the first time a broadband graphene modulator working 
in the visible and near-infrared by using self-gated graphene supercapacitors [5] and 
they improved the method for the multilayer graphene modulators to increase the 
modulation performance of the device [6]. Rodriguez et al. investigated broadband 
graphene terahertz modulators and absorbers [7, 8]. Further, Kakenov et al. 
developed high performance terahertz spatial light modulators using self-gating 
device structure [9]. Graphene modulators were integrated also with terahertz 
metamaterials to tune amplitude and frequency of the metamaterials [10-14]. The 
optical properties of graphene for the visible and infrared region have been 
investigated in detail. However, the microwave region of the electromagnetic 
spectrum has not been investigated due the long wavelength and requirement of large 
area graphene devices. This thesis aims to bridge this gap by overcoming the 
challenging growth and fabrication processes for active microwave devices. Our 
strategy is to synthesize large area graphene samples using chemical vapor deposition 
and to develop transfer printing technique. After achieving high quality graphene 
samples, we fabricated large area active graphene devices using self-gated 
supercapacitor structures. Self-gated graphene supercapacitors provides a 
homogenous doping over a large surface area. In this thesis I will describe the details 




Figure 1.2 Comparison of (a) a dielectric capacitor and (b) a graphene supercapacitor. 
 
 Using graphene supercapacitors to control microwaves is the core idea of this 
thesis. Supercapacitor structure yields a self-gating scheme between two large area 
graphene. Self-gating with an ionic liquid electrolyte is the key parameter to achieve 
large and homogenous modulation of charge density over large area. Our group has 
been working on graphene supercapacitors based on single- and multi-layer graphene 
to control various wavelength (schematics in Figure 1.1). We would like to use 
graphene supercapacitors as a reconfigurable surface for microwave applications. We 
fabricated these supercapacitors (sometimes called electrical double layer capacitors) 
using large area graphene electrodes synthesized by chemical vapor deposition. A 
conventional dielectric-based capacitor uses two metal electrodes and a dielectric 
medium. Applied voltage between the electrodes generates homogeneous electric 
field between the plates and thus the voltage drops linearly on the dielectric. 
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Supercapacitors are different. Supercapacitors consist of two electrodes and 
electrolyte medium. Applied voltage polarizes the electrolyte and forms ionic double 
layers on the electrode surface. The thickness of these ionic double layers is very thin 
(a few nanometers limited by the diffusion of ions), therefore applied voltage drops 
sharply at the ionic double layer and generates very large electric field on the surface 
of electrodes (Figure 1.2(b)). We will use graphene supercapacitors where the 
electrodes are atomically thin graphene layers. As an electrolyte we will use ionic 
liquids which yield very good electrochemical stability with graphene electrodes up 
to 7 V electrochemical window.  The electric field of the ionic double layers 
electrostatically dopes the graphene electrodes and accumulates charges. Unlike 
metallic electrodes, conductivity of atomically thin graphene electrodes varies with 
accumulated charges. The ability of tuning charge density on graphene electrodes 
yields a unique opportunity to control high mobility free charges on graphene 
surfaces. The maximum resistivity is reached at the Dirac point, where Fermi energy 
is the intersection point of the conduction and valance band. For the doped case, the 
charge density on graphene electrodes could be as large as 1014 cm-2 with associated 
Fermi energy of 1.5 eV. These charge densities cannot be achieved with conventional 
dielectric capacitor due to the dielectric breakdown. Another important property of 
the supercapacitors is that they store charges at the graphene-electrolyte interface. 
There is no electrochemical reaction (which is the case for batteries) that can yield 




Figure 1.3 The photograph of large area graphene supercapacitor (a) and schematic 
explanation of ionic gating of graphene electrodes by an ionic liquid (b).  
 
 In this thesis, we use large area graphene supercapacitors (Figure 1.3) for the 
first time to control electromagnetic waves in the microwave frequencies. We have 
developed three different kinds of device structures. First one is a transmission type 
broadband microwave modulator fabricated by using two large area graphene 
electrodes with an ionic liquid between them. This device tunes the reflection, 
transmission, and absorption of microwaves from the surface of the device by 
applying bias voltage between two graphene electrodes. Second one is a reflection 
type radar absorbing surface. Here we use a large area graphene supercapacitor with 
a metal plate located at quarter wavelength distance below the device. This reflection 
type surface attenuates the reflected radiation at the resonance frequency. Our third 
device is achieved by integrating a large area graphene supercapacitor with a split 
ring resonator (SRR) array. Graphene capacitor is capacitively coupled with the SRR 
array, tuning the charge density on the graphene electrodes tunes the resonance 
amplitude and frequency of the hybrid metadevice.  
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 Before going through the details of these active modulators, I will first 
introduce the fundamentals of graphene in this chapter which covers the electronic 
band structure and optical conductivity. In chapter 2, I calculate optical absorption of 
graphene in whole non-ionizing electromagnetic spectrum by solving Maxwell 
equations on graphene surface and I use a transfer matrix method for numerical 
calculation. In chapter 3, I explain the details of graphene synthesis and 
characterization and then we express the details for the fabrication of large area 
graphene capacitors with characterization processes. In chapter 4, I explain the 
performance and characteristics of transmission type adaptive microwave surfaces 
and reflection type switchable radar absorbing surfaces. In chapter 5, I report an 
application for our method. I integrated our active devices with microwave 
metamaterials and realized large area electrically switchable metadevices. I also 
provide electromagnetic modelling, fabrication and microwave measurements of 
these metadevices. 
1.1.Electronic band structure of graphene 
Graphene is the 2D crystal of carbon, each atom is bonded to three carbon atoms and 
forms a hexagonal atomic structure as shown in Figure 1.4. Carbon atom has different 
bonding mechanism when it is in a ground state[15]. In ground state, each carbon 
atom has six electrons and these electrons fill the energy levels of the carbon atom 
as 1𝑠22𝑠22𝑝2 where the 2𝑝2 state is partially filled as 2𝑝𝑥
12𝑝𝑦
12𝑝𝑧
0. The two electrons 
in 1𝑠2 state are the core electrons and they do not contribute to chemical bonding or 
electronic properties of the carbon atom. The four electrons in 2𝑠22𝑝2 states are 
called valance electrons and they define electronic properties of a carbon based 
materials. In its ground state a carbon atom can only make two bonds by using its two 
half-filled 2𝑝 orbitals as in 𝐶𝐻2. However, when a carbon atom is in the excited state, 
it can make four bonds by exiting one electron from  2𝑠 orbital to the a 2𝑝 orbital, 
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four half-filled electronic state give rise to more than two chemical bonds for a single 
carbon atom in a crystal. The energy difference between higher energy 2𝑠 orbitals 
and lower energy 2𝑝 orbitals is small compared to the chemical binding energies, 
therefore, the wave functions of electrons in these two energy orbitals are mixed. 
Hybridizations are when one electron from the 2𝑠 orbital hybridize with one(𝑠𝑝), 
two (𝑠𝑝2) or three(𝑠𝑝3) electrons from 2𝑝 orbitals. These hybridized electronic 
states forms  𝜎 bonds with hydrogen atom or carbon atom itself and remaining half-
filled 2𝑝 orbitals form the  𝜋 bonds between carbon atoms and they are perpendicular 
to the 𝜎 bonds.[15] This variety of hybridization results in a wide variety of carbon 
based materials. 
 In graphene, there is 𝑠𝑝2 hybridization, one of the electrons from 2𝑠 orbital 
and two(2𝑝𝑥2𝑝𝑦) of electrons from 2𝑝 orbital mix their wave functions and they 
hybridize in a new energy state as explained in Ref.[15] and Ref.[16]. These 
hybridized orbitals create strong 𝜎 bonds between a carbon atom and its three nearest 
neighbors, this strong bond gives rise to the stability of graphene in 2-dimension. Un-
hybridized 2𝑝𝑧 orbital creates 𝜋 orbitals which are perpendicular to the graphene 
plane. 𝜋 Electrons are responsible for all transport and electronic structure of 
graphene and graphene based materials. Tight binding calculation of these 𝜋 electrons 
gives the electronic band structure of graphene, which means that the interaction 
between these electrons creates an energy-band diagram where energy-momentum 
combination of any charge carrier is defined by the band structure. To calculate 
electronic band structure of graphene, we need to know the crystal structure of 
graphene drawn schematically in Figure 1.4. In this hexagonal crystal structure of 
graphene, blue and red dots represent the carbon atoms in hexagonal graphene lattice. 
It is assumed that the red dots are the lattice points and the blue dots are the sub-
lattice points. The sub-lattice points are connected to the lattice points by any one of 
𝑏1,2,3⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ vectors as in Ref.[16]. The vectors 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗  are the lattice vectors of the 






(3, √3)             ,         𝑎2⃗⃗⃗⃗ =
𝑎
2
(3, −√3) (1.1) 
Where 𝑎 ≈ 1.42𝐴𝑜 is the distance between carbon atoms. The vectors 𝑏1⃗⃗  ⃗, 𝑏2⃗⃗⃗⃗  and 𝑏3⃗⃗⃗⃗  
show the first nearest neighbor position of the carbon atom at lattice point and they 
can be written in terms of lattice vectors as 
𝑏1⃗⃗  ⃗ =
𝑎
2
(1, √3)      ,        𝑏2⃗⃗⃗⃗ =
𝑎
2
(1,−√3)      ,       𝑏1⃗⃗  ⃗ = −𝑎(1,0)  (1.2) 
It is possible to consider the second, third and higher order nearest neighbor 
interactions during calculation of the electronic band structure of graphene by tight 
binding method. However, it is not practical and necessary to consider higher order 
nearest neighbor interactions. Therefore, we calculated band structure of graphene by 
only considering the first nearest neighbor interactions as in Ref.[15]. 
 
Figure 1.4: Schematic drawing of hexagonal lattice structure of graphene. Red and 
blue dots represent the carbon atoms in graphene structure and red dots are assumed 
to be the lattice points for a triangular lattice. Blue dots are sub-lattices which are 
connected to a lattice point with a basis vector. Here we assume any one of  𝑏1,2,3⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 
vectors as a basis vector. The vectors 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗  are lattice vectors and 𝑏1⃗⃗  ⃗, 𝑏2⃗⃗⃗⃗  and 𝑏3⃗⃗⃗⃗  
are the vectors showing the nearest neighbor position of a carbon atom relative to a 
lattice point. The side length of a hexagon is 𝑎. 
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 Graphene has 𝜋 electrons in its unit cell and the 𝜋 electrons determine the 
extraordinary electrical, optical and mechanical properties of graphene. Tight binding 
calculation takes account 𝜋 electrons to calculate band structure of graphene. In fact 
there are also 𝜎 electrons in the graphene unit cell but 𝜋 electrons are more dominant 
in low energy regimes. Therefore we only considered 𝜋 electrons during the 
calculation of band structure of graphene as in Ref.[15]. Graphene has a two 
dimensional atomic crystal structure and hence it has a unit cell. Therefore, graphene 
has a translational symmetry. The wave function in a unit cell satisfies the Bloch`s 
theorem; 
𝑇𝑎𝑖⃗⃗⃗⃗ 𝛹 = 𝑒
𝑖?⃗? .𝑎𝑖⃗⃗⃗⃗ 𝛹  ,     (𝑖 = 1,2,3) (1.3) 
Where 𝑇𝑎𝑖⃗⃗⃗⃗  is the translation operator and, 𝑎𝑖⃗⃗  ⃗ is the lattice vector and 𝑘𝑖
⃗⃗  ⃗ is the wave 
vectors. 𝛹 is the wave function in a unit cell and has the form as  






𝜑𝑗(𝑟 − ?⃗? )  ,   (𝑗 = 1,… , 𝑛) (1.4) 
Where 𝜑𝑗 denotes the atomic wave function in a unit cell and ?⃗?  is the position of the 
atom in a unit cell, 𝑛 is the number of atoms in a unit cell. The eigenfunctions can be 
written as a linear combination of Bloch`s wave functions as 




Eigenvalues of these eigenfunctions can be calculated by evaluating the expectation 





By inserting the Bloch function from Eq.(1.4) in to Eq.(1.6), the transfer and overlap 
integral matrices can be calculated as 
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𝐻𝑖𝑗(?⃗? ) = ⟨𝜑𝑖|𝐻|𝜑𝑗⟩ ,      𝑆𝑖𝑗(?⃗? ) = ⟨𝜑𝑖|𝜑𝑗⟩      (𝑖, 𝑗 = 1,… , 𝑛). (1.7) 
Here 𝑖, 𝑗 show the number of atoms in the unit cell, for example, the number of atoms 
in a unit cell of graphene is two, one is at lattice point and the other one is at 𝑏1⃗⃗  ⃗ 
position as shown in Figure 1.4 and Eq.(1.2). Let us assume that the atom at the lattice 
point is represented with 𝐴 and the other atom in the unit cell is represented with 𝐵. 
The calculation over atoms 𝐴 and 𝐵 only gives the orbital energy of the 2𝑝 orbital as 
shown below 
𝐻𝐴𝐴 = 𝐻𝐵𝐵 = 𝜀2𝑃 (1.8) 
By considering only the first nearest neighbor interaction, we can calculate off-
diagonal elements of Hamiltonian as  
𝐻𝐴𝐵 = 𝑡 (𝑒
𝑖?⃗? .𝑏1⃗⃗ ⃗⃗ + 𝑒𝑖?⃗? .𝑏2⃗⃗ ⃗⃗ + 𝑒𝑖?⃗? .𝑏3⃗⃗ ⃗⃗ ) = 𝑡𝑓(𝑘) (1.9) 
Where 𝑏1,2,3⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ are the position vectors of first nearest neighbors as shown in Figure 1.4 
and Eq.(1.2). Using coordinates from Eq.(1.2), 𝑓(𝑘) is calculated as  






The overlap integral values are calculated as 𝑆𝐴𝐴 = 𝑆𝐵𝐵 = 1 and the off-diagonal 








Eigen values are calculated by solving the secular equation det(𝐻 − 𝐸𝑆) = 0, which 
gives 
𝐸±(?⃗? ) =
𝜀2𝑝 ± 𝑡𝑤(?⃗? )
1 ± 𝑠𝑤(?⃗? )
 (1.12) 
Where ± corresponds to the energy of conduction and valance bands, respectively. 
The function in Eq.(1.12) is  
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Calculated electronic band structure of graphene in the first Brillouin zone is shown 
on the left plot in Figure 1.5. At high energies, conduction band and valance bands 
are not degenerate. However, at lower energies near the Dirac points, conduction and 
valance bands are nearly degenerate and band structure is linear near the Dirac point 
as shown on the right plot in Figure 1.5. Near the Dirac point, energy of the electrons 
are linear with wave vector as 𝜀𝑐𝑣(𝑘) = ±𝑣𝑘 and the electrons have a constant 
velocity 𝑣 = 106𝑚/𝑠. The velocity of electrons is 1% of the speed of light hence the 
electrons of graphene mimic as relativistic like Dirac fermions near the 𝜀 = 0 regime. 
 
Figure 1.5 Electronic band structure of graphene calculated using the tight binding 
method. The figure on the left shows the energies of the bands in the first Brillouin 
zone of graphene. Conduction and valance bands are not symmetric at higher energies 
but they are symmetric at lower energies near Dirac point as shown in the right plot. 




1.2.Optical Conductivity of graphene 
Graphene is a zero band gap 2D crystal of carbon atoms arranged in a hexagonal 
lattice. Its conduction and valance bands meet at Dirac point where the density of 
states is zero. Away from the Dirac point, the density of states increases and number 
of allowed energy states increases as well. By chemical or electrostatic doping of 
graphene, Fermi level of the graphene moves towards or away from the Dirac point. 
In this way, charge density and conductivity of graphene are tuned. Graphene has a 
frequency dependent AC (𝜎𝑎𝑐) conductivity which converges to DC  (𝜎𝑑𝑐) 
conductivity at low frequencies. To calculate the DC conductivity of graphene in 
terms of its resistance, we first find the resistance of a 3D conductor. The resistance 








Where 𝐴 is the cross sectional area, 𝑤 is the width, 𝑡 is the thickness, 𝐿 is the length 
of the conductor. To find the resistance of the conductor in 2D, the 3D resistivity is 





Where the unit of 3D resistivity is 𝛺. 𝑐𝑚. The unit of the 2D resistivity is 𝛺, this is 
actually misinterpreted with a total resistance hence the unit of 2D resistivity is 





where the unit is in ohm (𝛺). For graphene, the resistance is represented mostly with 
the 2D resistivity as the sheet resistance 𝑅𝑠. The sheet resistance represents the 
resistance of a square with any dimension. The sheet resistance should be the same 
for different sizes of graphene sheet with a square dimensions if the graphene sheet 
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is uniform. Resistivity is the inverse of the conductivity hence the DC conductivity 








 Graphene has frequency dependent ac conductivity (𝜎𝑎𝑐) due to both 
interband and intraband transitions. Interband transitions are the transition of 
electrons from valance band to conduction band initiated by absorbed energy of a 
photon. Electrons are Fermions and any of two electrons cannot be at the same energy 
and momentum state at the same time. An electron can transit from conduction band 
to valance band if the energy of incident photon is enough. If the corresponding 
energy level is already filled, then the Pauli blocking does not allow the electron to 
go that state. Therefore the optical conductivity of graphene strongly depends on the 
frequency of incident electromagnetic wave. There are number of methods as shown 
in Ref.[17],[18],[19]  to calculate the optical conductivity of graphene due to 
interband transitions. We follow the method developed by Stauber et.al [19] to 
calculate the optical conductivity of graphene in visible and near infrared region of 
the electromagnetic spectrum. The derivation starts with Kubo formula which relates 
the average surface current density 〈𝑗𝑥










After a long and detailed calculation as given in Ref.[19], the interband conductivity 











Where 𝐸𝑓 is the Fermi energy, 𝑘𝑏 is the Boltzmann constant, 𝑇 is the temperature. It 
should be noted here that the chemical potential is assumed to be equal to Fermi 
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energy. And a small contribution to interband conductivity of graphene from the 
second nearest neighbor atoms in graphene lattice is also neglected.  
 
 
Figure 1.6 Optical conductivity of graphene due to interband transitions with varying 
Fermi energies (a) and with varying temperatures (b). Graphene has a constant optical 
conductivity in a broad spectrum when the Fermi energy coincides with Dirac point. 
If the Fermi energy is shifted up or down to the Dirac point by chemical or electrical 
doping, optical conductivity of graphene goes down to zero for energies lower than 
two times the Fermi energy due to Pauli blocking of transitions from valance band to 
conduction band. Optical conductivity of graphene depends on the temperature. 
Electrons obey Fermi-Dirac statistics, therefore the behavior of Pauli blocking is 
sharp at low temperatures. Due to thermal fluctuations, the step function due to Pauli 









= 60.8𝜇𝑆 (1.20) 
This is the universal conductivity of an un-doped graphene due to interband 
transitions, and the conductivity does not depend on any microscopic parameters. As 
shown in Figure 1.6(a), if the Fermi level of graphene is at the  Dirac point, optical 
conductivity of graphene is constant and corresponds to the universal optical 
conductivity of 𝑒2/4ℏ in a broad optical spectrum. When the Fermi level of graphene 
is shifted up or down to the Dirac point, optical transitions between valance and 
conduction bands are blocked due to the Pauli blocking. Therefore, optical 
conductivity of graphene goes down to zero for optical energies less than two times 
the Fermi energy of graphene. Interband conductivity of graphene also depends on 
the temperature as shown in Figure 1.6(b). At low temperatures, electrons of 
graphene strongly obey the Fermi-Dirac statistics. Therefore the transition from 
allowed energy states to the forbidden energy states is sharp at the optical energy that 
equals to two times the Fermi energy of graphene. At high temperatures, the transition 
from allowed energy states to the forbidden energy states is not very sharp due to 
thermal fluctuations. 
 In order to calculate the ac conductivity of graphene due to the intraband 
transitions, we follow the calculation performed in [17]. The intraband conductivity 




















Where 𝜇 is the chemical potential, 𝑇 is the temperature. If we integrate (1.21) by 








Electrons in the filled energy states of graphene behave like free electrons similar to 
electrons in metals, hence, intraband transitions of electrons in graphene can be 
explained by using the Drude model. It is assumed that an electrons move like a free 
electron between scattering events in Drude model. The average time between two 
scatterings of electron is called relaxation time to be 𝜏 and the scattering rate is 𝛤 =
1/𝜏. In order to insert scattering rate into Eq.(1.23), the frequency is expressed 





























This is the same form of conductivity which is calculated for metals by using the 
Drude model. AC conductivity of a metal is given as 𝜎(𝜔) = 𝜎0/(1 − 𝑖𝜔𝜏) where 
𝜎0 is the DC conductivity of the metal. As a result, we can clearly determine that the 












We have also calculated DC conductivity of graphene by using sheet resistance of 
graphene in Eq.(1.17). If we insert Eq.(1.17) into Eq.(1.29), then the intraband AC 





In addition, we can find a relation between the sheet resistance (𝑅𝑠) of graphene and 




≈ 0.334 𝑘𝛺. 𝑒𝑉 (1.31) 
Where we assume 𝜏 = 160𝑓𝑠 which is experimentally measured scattering time of 
CVD grown graphene [22]. 
 We plot the intraband conductivity of graphene from 1𝜇𝑚 to 1𝑚 wavelength 
range in the unit of universal conductivity (𝑒2/4ℏ) of graphene (Figure 1.7). When 
the Fermi energy of graphene is at the Dirac point, the valance band is completely 
filled and the conduction band is empty. Therefore, there is no available intraband 
transition states for electrons to be excited. As a result, the intraband conductivity of 
graphene is zero for all wavelength for 0𝑒𝑉 Fermi energies. When the Fermi level is 
shifted up or down of the Dirac point via electrostatic doping, there are available 
intraband energy states for electrons to be excited with a small amount of optical 
energies. When an electron in the conduction band of graphene is excited to an 
intraband energy state in the same band by a small optical energy, that electron 
transits to the available states above the Fermi level in the same band and relax back 
its initial energy level. Similar case happens for holes in the valance band, but in the 
opposite direction. Intraband conductivity of graphene is zero when 𝐸𝑓 = 0𝑒𝑉 as 
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shown in Figure 1.7, however, it increases as the Fermi energy of graphene goes 




Figure 1.7 Intraband conductivity of graphene for various Fermi level energies of 
graphene in the unit of universal conductivity of graphene. When Fermi level of 
graphene is at Dirac point, there is no electron in the conduction and no holes in the 
valance bands, and therefore, intraband conductivity of graphene is zero. If the Fermi 
level of graphene is in the conduction or valance band, then there are filled energy 
levels in graphene and intraband conductivity of graphene is nonzero. Intraband 






 Total conductivity of graphene is the addition of total interband and intraband 
conductivities. Each conductivity depends on the Fermi energy of graphene and can 
be expressed as a function of Fermi energy as in Eq.(1.19) and Eq.(1.27). If we add 
interband and intraband conductivities of graphene as 
𝜎(𝜔) = 𝜎𝑖𝑛𝑡𝑒𝑟(𝜔) + 𝜎𝑖𝑛𝑡𝑟𝑎(𝜔) (1.32) 
Total conductivity of graphene is plotted in Figure 1.8. In this plot, horizontal axis is 
the wavelength ranging from 10nm to 1m and vertical axis is the total conductivity 
of graphene in a unit of universal conductivity 𝑒2/4ℏ. Both of the axes are expressed 
in log-scale. In short wavelengths, total conductivity of graphene is dominated by the 
interband conductivity of graphene due to the interband transitions. Here the 
conductivity of graphene is equal to the universal conductivity of graphene. When 
the Fermi level of graphene is increased, the contribution of interband conductivity 
to the total conductivity is suppressed up to the corresponding wavelength to two 
times the Fermi energy of graphene. Here the suppressed energy is expected to be 
two times the Fermi energy because the suppressed transition is the transition from 
the conduction band to the valance band and thus required energy is at least two times 
the Fermi energy. For example; as shown in Figure 1.8, if Fermi energy is 3𝑒𝑉, 
interband transition is blocked after ~207𝑛𝑚(~2 ∗ 3𝑒𝑉) and if Fermi energy is 1𝑒𝑉, 
interband transition is blocked after ~620𝑛𝑚(~2 ∗ 1𝑒𝑉). When the interband 
transition is suppressed due to Pauli blocking, the intraband conductivity starts to 
dominate. The contribution of intraband conductivity to the total conductivity in the 
short wavelength region is very low. In the long wavelength region, intraband 
conductivity is dominant. Its contribution is increasing with increasing Fermi 
energies opposite to the interband case. When Fermi level is 0𝑒𝑉which is practically 
impossible, there is no intraband contribution to total conductivity of graphene and 
interband conductivity dominates the whole spectrum. If the Fermi energy is shifted 
above 0𝑒𝑉, then the intraband conductivity dominates and goes above the universal 
conductivity in long wavelength region. For example, if Fermi energy is 1𝑒𝑉, the 
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maximum conductivity of graphene is ~49𝑒2/4ℏ, if Fermi energy is 3𝑒𝑉, then the 
maximum conductivity of graphene is ~147𝑒2/4ℏ (Figure 1.8). Therefore, graphene 
has much higher intraband conductivity in long wavelength region of electromagnetic 
spectrum than the interband conductivity in the short wavelength region of 
electromagnetic spectrum.   
 High and tunable optical conductivity of graphene in long wavelengths yields 
new ways of controlling electromagnetic waves. Tunable conductivity results in 
tunable charge density on graphene and thus boundary conditions for an incident 
electromagnetic wave can be tuned. To calculate the full optical response of 
graphene, we have solved Maxwell equations on graphene with appropriate boundary 
conditions in the following chapter. We calculated transmission, reflection and 
absorption of single layer graphene in a wide wavelength spectrum by using the 







Figure 1.8 Total conductivity of graphene in the unit of universal conductivity 𝑒2/4ℏ 
for varying Fermi energies in a broad wavelength spectrum ranging from 10nm to 
1m. Conductivity of graphene is dominated by the interband conductivity in short 
wavelengths. Interband contribution can be suppressed even for short wavelengths 
by increasing the Fermi level of graphene. For longer wavelengths, conductivity of 
graphene is dominated by the intraband conductivity of graphene. In this case, the 
intraband conductivity increases with an increase in the Fermi level energy of 




Chapter 2    
Interaction of light with Graphene 
Graphene has a tunable optical conductivity in a large portion of electromagnetic 
spectrum. Intraband and interband transitions are the two main mechanisms, which 
drive the interband and intraband optical conductivities of graphene. By electrostatic 
gating, it is possible to control charge density and Fermi energy.  Depending on the 
energy of the incident electromagnetic wave, electrons in the filled energy bands are 
excited to empty energy states and relax back. Interband transitions dominate in 
visible and near-infrared frequencies whereas intraband transitions dominate in mid-
, far-infrared, terahertz, and microwave frequencies. During the excitation and 
relaxation of electrons, an AC current is generated on the graphene surface. Because 
of Joule heating, this current generates heat on graphene and, therefore, some portion 
of the incident radiation on graphene is absorbed by graphene. The amount of heat 
released is proportional to the square of the generated current, resistance, electric 
field, and time as expressed here as 𝜃~𝐼2𝑅𝑡 = (𝑗 𝐴⁄ )2𝑅𝑡 = (𝜎𝐸 𝐴⁄ )2(1 𝜎⁄ )𝑡 =
𝜎(𝐸 𝐴⁄ )2𝑡. Generated heat is proportional with the conductivity of graphene and, 
therefore absorption of graphene is proportional to the conductivity of graphene. To 
calculate absorption of graphene, we will solve Maxwell equations on graphene 
surface with appropriate boundary conditions. We will use transfer matrix method to 
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calculate reflection and transmission of electromagnetic waves from graphene 
surface.  
2.1.Transfer matrix method 
Graphene is a single layer of carbon atoms and has ~0.34𝑛𝑚 thickness. The 
thickness of graphene is very short compared with the wavelength of concerned 
electromagnetic spectrum that is ranging from visible to microwave. Therefore, we 
will assume that graphene has a surface charge distribution without any thickness and 
with an optical conductivity calculated in the previous chapter. Optical response of 
graphene depends on its charge density thus doping level. When an electromagnetic 
wave incident on single layer graphene, it is reflected or transmitted or absorbed. The 
amount of reflected, transmitted, and absorbed intensities depend on the charge 
density on graphene. In order to calculate full optical response of graphene, we will 
use transfer matrix method which is developed by Zhan et.al [23]. First, we calculate 
the optical response of a single layer graphene sandwiched between two mediums, 
and then we will extend our calculations to two layers of graphene having three 
different mediums. Finally, we provide optical response of the n-layered graphene 
structure that divides whole space into n+1 different mediums. 
2.1.1.Simulation of single layer graphene 
In order to calculate optical response of a single layer graphene sandwiched between 
two dielectric mediums, Maxwell equations are solved on a graphene-dielectric 
boundary surface. The schematic of the geometry that is used during calculation is 
shown in Figure 2.1. A graphene layer with a conductivity of 𝜎 is surrounded by two 
different mediums possessing dielectric constants of 𝜀1 and 𝜀2.   Graphene is assumed 
to be a charged layer having no thickness but having an optical conductivity 𝜎 as 




Figure 2.1 Schematic drawing of the geometry used for the calculation of optical 
response of a single layer graphene. A graphene layer with a conductivity of 𝜎 is 
surrounded by two different mediums having dielectric constants of 𝜀1 and 𝜀2. All of 
the incoming and outgoing electromagnetic waves are considered to have amplitudes 
of 𝑎1, 𝑎2, 𝑏1, 𝑏2 and angle of incidence of 𝜃1, 𝜃2.   
 
 In Figure 2.1, electromagnetic waves are incident in 𝑥𝑧-plane and propagating 
in forward (?̂? + ?̂?) and backward(?̂? − ?̂?) directions in both of these media. We 
consider both 𝑝 and 𝑠 polarizations. For a 𝑝 polarized wave, magnetic field (?⃗⃗? 𝟏,𝟐) is 









−𝑖𝑘2𝑧𝑧+𝑖𝑘2𝑥𝑥)?̂?,     𝑧 > 0 (2.2) 
Where 𝑎1,2 and 𝑏1,2 are the field coefficients belong to forward and backward 
propagating waves, respectively. The electric field (?⃗? 1,2
𝑝 ) can be calculated 
from ?⃗? 1,2
𝑝 = −𝑣1,2𝜇0(?̂?1,2 × ?⃗⃗? 1,2

























−𝑖𝑘2𝑧𝑧+𝑖𝑘2𝑥𝑥,     𝑧 < 0 
(2.4) 
The boundary conditions for ?⃗⃗? 1,2
𝑝
 and ?⃗? 1,2
𝑝
 fields at 𝑧 = 0 are 
?̂? × (?⃗⃗? 2
𝑝 − ?⃗⃗? 1
𝑝)|
𝑍=0
= 𝐉  (2.5) 
?̂? × (?⃗? 2
𝑝 − ?⃗? 1
𝑝)|
𝑍=0
= 0 (2.6) 
Where ?̂? = ?̂? is the surface normal and 𝐉  is the surface current density. If we apply 
these boundary conditions to the fields in Eq.(2.1), Eq.(2.2), Eq.(2.3) and Eq.(2.4), 
then   
𝑘2𝑧
𝜀2
(𝑎2 − 𝑏2) −
𝑘1𝑧
𝜀1
(𝑎1 − 𝑏1) = 0 (2.7) 
(𝑎1 + 𝑏1) − (𝑎2 + 𝑏2) = 𝐽 = 𝜎𝐸2𝑥|𝑧=0 =
𝜎𝑘2𝑧
𝜀0𝜀2𝜔
(𝑎2 − 𝑏2) (2.8) 
By combining these two equations, we can find a transmission matrix 𝐷12
𝑝  of incident 
𝑝-polarized electromagnetic wave from a single layer of graphene between medium-
























𝑝 1 + 𝛼12
𝑝 − 𝛽12






















−𝑖𝑘2𝑧𝑧+𝑖𝑘2𝑥𝑥)?̂?,     𝑧 > 0 (2.13) 




(?̂?1,2 × ?⃗? 1,2
























−𝑖𝑘2𝑧𝑧+𝑖𝑘2𝑥𝑥,     𝑧 > 0 
(2.15) 
If we apply boundary conditions from Eq.(2.5) and Eq.(2.6) to the fields in Eq.(2.12), 
Eq.(2.13), Eq.(2.14) and Eq.(2.15), we find that 
(𝑎1 + 𝑏1) − (𝑎2 + 𝑏2) = 0, (2.16) 
𝑘2𝑧
𝜇𝜔
(𝑏2 − 𝑎2) −
𝑘1𝑧
𝜇𝜔
(𝑏1 − 𝑎1) = 𝐽 = 𝜎𝐸2𝑦|𝑧=0 = 𝜎
(𝑎2 + 𝑏2) (2.17) 
The transmission matrix for 𝑠-polarization 𝐷12
𝑠  can be calculated by solving the 























𝑠 1 + 𝛼12
𝑠 − 𝛽12













So far, we only consider the interaction between a single layer of graphene 
surrounded by two different dielectric media and an incident electromagnetic wave. 






𝑠,𝑝 ) and transmission (𝑡1−𝑙𝑎𝑦𝑒𝑟
𝑠,𝑝 ) coefficients for a single layer 



















Figure 2.2 Calculated optical response of a single layer graphene in a broad 
wavelength range is demonstrated. Absorbance (a) of graphene depends on the 
incident wavelength. The maximum absorbance of a single layer graphene is ~%2.24 
in the visible, and  %50 in the microwave. Absorbance of graphene varies with the 
Fermi energy of graphene. Reflectance (b) and transmittance (c) of graphene are due 
to the interband and intraband conductivity of graphene and it can be tuned by tuning 
the Fermi level of graphene. Absorbance, reflectance, and transmittance of graphene 
with a Fermi energy of  1𝑒𝑉 is shown in (d). 
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 By inserting transmission and reflection coefficients in Eq.(2.22) and 
Eq.(2.23), transmittance, reflectance, and absorbance of a single layer graphene can 



























For high energy of incident radiation such as in the ultraviolet, visible or near-infrared 
portion of electromagnetic spectrum, interband transitions between the valance and 
conduction bands of graphene drive the optical response of graphene. When 
electromagnetic radiation is incident on graphene, an electron from the conduction 
band absorbs energy of the incident radiation and it is excited to an available and 
allowed energy state in the conduction band. Subsequently, the excited electron falls 
back to the conduction band of the graphene by emitting energy. During the process 
of excitation and relaxation of an electron, a universally constant amount (~%2.24) 
of incident radiation is absorbed due to the universal conductivity of graphene thanks 
to interband transitions. If there is no empty or allowed energy states available in the 
graphene conduction band, then the incident electromagnetic radiation pass through 
graphene without any absorption. When empty energy levels are filled, allowed 
interband transitions are blocked by Pauli Blocking and graphene is not further 
absorbing the energies below two times the Fermi energy. Pauli blocking is not sharp 
due to the thermal fluctuations in Fermi-Dirac distributions at high temperatures as 




 The calculated absorbance, reflectance and transmittance values are plotted 
in Figure 2.2 for a broad optical spectrum ranging from  100𝑛𝑚 to 1𝑚. In the UV, 
visible, and near-infrared part of the electromagnetic spectrum, absorbance of 
graphene is constant and reaches a value of around %2.24 because of the universal 
optical conductivity of graphene (Figure 2.2). It should be emphasized here that the 
excitonic contributions to conductivity and absorbance of graphene are not 
considered for this calculation.  Graphene is reflecting small amount of the incident 
radiation due to interband transitions, and it is absorbing or transmitting most of the 
incident electromagnetic radiation. When graphene is absorbing ~%2.24, its 
transmission is ~%97.75. When graphene is not absorbing, it is transmitting almost 
all of the incident radiation as shown in Figure 2.2(d). Thus, measuring transmission 
of a single layer graphene also gives the absorption of graphene in the UV, visible 
and near infrared region of electromagnetic spectrum on the condition that the 
excitonic contributions are neglected. 
 For low energies from mid-infrared to microwave portion of the 
electromagnetic spectrum, intraband transitions through the conduction and valance 
band drive the optical response of graphene. Low energy radiation excites the 
electrons in the conduction band and holes in valance band near the Fermi level and 
excite these electrons and holes to higher energy states. Afterwards, these excited 
electrons and holes relax back to the original energy state. Concurrently, some 
amount of current is generated on the surface of the graphene and hence some amount 
of the incident radiation is absorbed due to Joule heating as discussed in previous 
sections. If the Fermi level is near to the Dirac point of graphene than the number of 
available energy states is low hence absorption of graphene is low. By shifting the 
Fermi level of graphene far from the Dirac point, it is possible to increase optical 
response of graphene. Therefore, active control of Fermi level of graphene enables to 





Figure 2.3 Absorbance (green), reflectance (red), and transmittance (blue) of a single 
layer graphene as a function of sheet resistance (𝑅𝑠) are shown. The wavelength of 
the incident electromagnetic radiations is  3𝑐𝑚(a), 0.3𝑚𝑚(b), 10𝜇𝑚(c), and 
800𝑛𝑚(d). In the microwave region, the maximum absorbance (%50) can be 
achieved when the impedance of single layer graphene is matched to half of the free 
space impedance, i.e. 186.5𝛺 (a). For the terahertz (b) and infrared (c) regions of 
electromagnetic spectrum, both the maximum absorbance and the required 
impedance are decreasing. In the visible spectrum, graphene absorbs ~2.24% for 
electromagnetic energies above two times the Fermi energy of graphene. 
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 Absorbance, reflectance and transmittance of graphene can be tuned with 
varying sheet resistance and Fermi energy (Figure 2.2, Figure 2.3). Increasing the 
Femi energy of graphene by doping, conductivity of graphene always increases in 
microwave region of electromagnetic spectrum. However, the absorption of graphene 
does not always increase with increasing Fermi energy. In microwave region, free 
standing graphene can absorb at most 50% of the incident radiation when the 
impedance of graphene is matched with the half of free space impedance, i.e. 188.5𝛺 
(Figure 2.2(a), Figure 2.3). If the impedance or sheet resistance of graphene exceeds 
or falls behind half of the free space impedance, the absorption of graphene decreases. 
Microwave is a low frequency regime and hence impedance of both free space and 
graphene are pure real and same with the DC impedance. However, impedance of 
both graphene and the free space has complex contributions in terahertz and infrared 
frequencies. Therefore the maximum absorbance of single layer graphene and the 
required impedance are decreasing as the frequency of incident radiation approaches 
to terahertz and far infrared frequencies. The calculated maximum absorbance 
is 41.3% and the required impedance is 132𝛺 for the wavelength of 0.3𝑚𝑚 (Figure 
2.3(b)). For 6.3𝛺, the maximum absorbance is %3.2 (Figure 2.3(c)).  
 Absorption of graphene is calculated by subtracting the reflection and 
transmission amplitudes from the total incident radiation. Similar to absorption 
amplitude, both reflection and the transmission amplitudes can be tuned by varying 
the Fermi energy of graphene. For instance, graphene is absorbing %46, 
reflecting %13 and transmitting %41 of the incident radiation at 1𝑒𝑉 Fermi energy 





Figure 2.4 Calculated optical response of single layer graphene for various angle of 
incidences with the wavelength of 3𝑐𝑚. (a) Absorbance as a function of sheet 
resistance of graphene is shown for s-polarized incident radiation. Colored lines 
specify the different angle of incidences. (b) Absorbance, reflectance and 
transmittance of one layer graphene as a function of incident angle for s-polarized 
radiation at the sheet resistance of 1𝑘𝛺 are designated. (c) Absorbance of p-polarized 
radiation with a wavelength of  3𝑐𝑚 as a function of sheet resistance of graphene for 
various incidence angles is shown. (d) Absorbance, reflectance and transmittance of 
graphene at 1𝑘𝛺 sheet resistance as a function of angle is displayed. 
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 Figure 2.4 shows the calculated optical parameters of a single layer graphene 
for both s- and p-polarized incident radiations. Free standing graphene can absorb at 
most %50 when the sheet resistance of graphene equals to the half of the free space 
impedance, i.e. 377𝛺. At this critical sheet resistance of graphene, absorbance 
at 3𝑐𝑚 wavelength is the maximum value for the normal incidence of the incoming 
radiation. As the angle of incidence is varied from 0𝑜 to 80𝑜, the sheet resistance 
value at which the absorbance reaches its maximum value shifts to higher values for 
s-polarized radiation (Figure 2.4(a)). However, the shift goes towards smaller sheet 
resistance values for a p-polarized radiation as the angle of incidence increases 
(Figure 2.4(d)). Incident radiation experiences higher surface impedance values for 
s-polarized wave and smaller impedance values for p-polarized wave as the angle of 
incidence increases. We calculated absorbance, reflectance, and transmittance values 
from a single layer graphene for s- and p-polarized wave (Figure 2.4(b), Figure 
2.4(d)).    
2.1.2.Simulation of two layer graphene stack 
For two layers of graphene, there are three mediums with permittivity of 𝜀1, 𝜀2 and 
𝜀3 as shown in Figure 2.5. The distance between the two graphene layers is L2. The 
transmission matrix of the first graphene layer is 𝐷12
𝑠,𝑝
 which is calculated in the 
previous section. In addition, the propagation matrix for the propagated wave in 
medium-2 is needed to be calculated. Propagation along a distance L2 in ?̂? direction 





The transmission matrix for the second graphene layer for 𝑝- and 𝑠-polarization can 













𝑝 1 + 𝛼23
𝑝 − 𝛽23


























𝑠 1 + 𝛼23
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The transfer matrix for the 2-layer graphene 𝑀2−𝑙𝑎𝑦𝑒𝑟
𝑠,𝑝
 is calculated by multiplying 
the transmission matrix of the first graphene 𝐷12
𝑠 , the propagation matrix in medium-








Moreover, the transmission and reflection coefficients are calculated from indices of 














The transmittance, reflectance, and absorbance of 2-layer graphene for both 𝑠- and 






























Figure 2.5 Schematic drawing of a single layer graphene in two different layers is 
shown. There are three different dielectric mediums possessing dielectric constants 
of 𝜀1, 𝜀2, 𝜀3. Two different graphene layers are between these three mediums. Second 
medium is between two layers of graphene and has a thickness of 𝐿2. 
 
 Two stacks of free standing graphene layers are simulated, and these two 
graphene layers are separated by air with a thickness of 50𝜇𝑚 as indicated in Figure 
2.5. Two graphene layers are assumed to be identical and ideal without an 
unintentional doping. We calculate optical absorbance spectrum of two stacks of 
graphene layers (Figure 2.6(a)) for varying Fermi energies of graphene layers from 
0𝑒𝑉 to 3𝑒𝑉. Varying Fermi energy of graphene layers tunes the absorbance of 
graphene below %50 in microwave. However, absorbance of graphene can go over 
%75 in terahertz region due to Fabry-Perot resonance between two graphene layers. 
Transmittance and reflectance spectrum of the two graphene structure have some 
resonance peaks and deeps in the far infrared and terahertz region as shown in Figure 
2.6(b). Shifting the Fermi energy of each graphene layer modulates the absorbance, 
transmittance and reflectance of two graphene layers structure for the wavelength 




Figure 2.6 Simulated optical response of two stacks of graphene layers. The distance 
between two graphene layers is assumed to be 50𝜇𝑚 and they are assumed to be in 
the free space. Due to the separation between two graphene layers, there are Fabry-
Perot resonance peaks in the absorbance spectrum and absorbance goes over %70 in 
the THz frequencies (a, b). Varying the sheet resistance of graphene layers tunes the 
absorbance, reflectance, and transmittance of two graphene layers for the wavelength 
of 3𝑐𝑚 (c) and 0.3𝑚𝑚 (d). The calculated maximum absorbance value in this 
condition is still  %50 in the microwave region.  
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2.1.3.Simulation of multiple graphene layers stack 
To generalize transfer matrix calculation of graphene layers, we calculated optical 
response of single layer graphene in an n-layer structure. There are n layers of 
graphene between n+1 mediums. The transmission matrix for 𝑖𝑡ℎ layer of graphene 
is 𝐷𝑖 𝑖+1
𝑠,𝑝
and the propagation matrix in the 𝑖𝑡ℎ media is 𝑃 𝑖(𝐿𝑖) where 𝐿𝑖 is the thickness 
of 𝑖𝑡ℎ layer. We calculated the transfer matrix for the n-layer of graphene by 






































As calculated for single and two layer graphene structures in Eq.(2.22), Eq.(2.23) and 
Eq.(2.34), Eq.(2.35), the transmission and reflection coefficients are calculated from 














The transmittance, reflectance and absorbance of incident radiation on multi-layer 





























Optical response of 10 stacks of graphene layers is shown in Figure 2.7. The 
calculated absorbance, reflectance, and transmittance of 10 stacks of graphene layers 
are potted by using Eq.(2.50), Eq.(2.51) and Eq.(2.52). It is noteworthy to indicate 
here that all graphene layers are assumed to be identical and they are separated with 
the free space with a thickness of 50𝜇𝑚. A Fabry-Perot resonance absorbance peaks 
appear in the broad absorbance spectrum of 10 stacks of graphene layers due to the 
free space thickness as shown in Figure 2.7(a). Optical response of 10 stacks of 
graphene depends on the wavelength of the incident radiation thanks to the interband 
and intraband conductivity of each graphene layer as shown in Figure 2.7(b). Varying 
the Fermi energy of each graphene layer tunes the absorbance, reflectance, and 
transmittance of graphene layers in the microwave and terahertz frequencies (Figure 




Figure 2.7 Simulated optical response of 10 stacks of graphene layers is shown. All 
graphene layers are assumed to be identical and they are separated with a distance 
of 50𝜇𝑚. They are all assumed to be in the free space. Absorbance spectrum of 10 
graphene stacks is shown in (a) for varying Fermi energies. Absorbance, 
transmittance, and reflectance spectra are shown in (b) for 1𝑒𝑉 Fermi energy 
from 10𝑛𝑚 to 1𝑚. Varying the sheet resistance of graphene layers tunes the optical 
response of the 10 stacks of graphene layers in the microwave frequencies with the 
wavelength of  3𝑐𝑚 as shown in (c) and for terahertz frequencies with the wavelength 
of 0.3𝑚𝑚 as shown in (d) 
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2.2.Transmission line model 
Transmission line model has been used to understand the microwave absorption of 
ultrathin conducting films. Here we implemented the same model for graphene 
surfaces. Calculations for the model is followed from the article written by Bosman 
et.al in [24]. The microwave reflectivity 𝑅, from a surface is proportional with the 
mismatch between the characteristic impedance of air and the surface impedance and 





And transmission is given as 
𝑇 = (1 + 𝑅) cos(𝑘𝐿) − 𝑖(𝑍 𝑍0⁄ )(1 − 𝑅)sin (𝑘𝐿) (2.54) 
Where  
𝑍𝑅 =
1 + 𝑖(𝑍 𝑍0⁄ )tan (𝑘𝐿)
1 + 𝑖(𝑍0 𝑍⁄ )tan (𝑘𝐿)
 (2.55) 
Where 𝑍0 = √𝜇0 𝜀0⁄ = 377𝛺 is the free space impedance and 𝑍 is the characteristic 







And 𝑘 is the complex wavenumber and given as 




Where 𝜔 is the frequency, 𝜀 is dielectric constant, 𝜇0 is permeability of free space, 
𝜀0 is the permittivity of free space, and 𝜎 is the bulk conductivity of graphene layer. 
Bulk conductivity 𝜎 is inversely proportional with the sheet resistance of graphene 
layer as 𝜎 = 1 𝑅𝑠⁄ . We plot optical response (absorbance, reflectance, and 
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transmittance) of single layer graphene for a normal incidence with transmission line 
model in Figure 2.8. Calculated results are the same as with the results obtained by 
transfer matrix method in Figure 2.2 and Figure 2.3.  
 
 
Figure 2.8 Optical response of a single layer graphene calculated with transmission 
line model for normal incidence. Absorbance (a), reflectance (b) and transmittance 
(c) as a function of incident wavelength for various Fermi energies are plotted. 
Absorbance (green), reflectance (red), and transmittance (blue) as a function of sheet 
resistance of single layer graphene for the incident wavelength of 3𝑐𝑚 are shown in 
(d).   
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2.3.Simulation of graphene supercapacitor 
In order to simulate optical response of graphene supercapacitors we have used 
transfer matrix method, i.e. extensively discussed for single and multi-stacks of 
graphene layers in previous sections. In the previous calculations, graphene layers 
are assumed to be standing in the free space. However, graphene needs a substrate 
and each substrate has frequency dependent optical response. Therefore, optical 
response of each different layers is needed to be calculated in the simulation. 
Graphene supercapacitor is constructed with 5-layers having a frequency dependent 
dielectric constants of 𝜀1, 𝜀2, 𝜀3, 𝜀4, 𝜀5 as shown in Figure 2.9. Graphene layers are on 
top of the substrates and they are located as they facing to each other. An ionic liquid 
and a spacer fill the gap between two graphene layers. There is an incident radiation 
with an angle of incidence 𝜃1. The simulation gives the reflected, transmitted, and 




Figure 2.9 Schematic representation of a drawn graphene supercapacitor which used 




Figure 2.10 Simulated optical response of graphene supercapacitor including the 
dielectric constants of supporting substrates and ionic liquid. (a) Absorbance, 
reflectance, and transmittance of incident radiation with 3𝑐𝑚 wavelength. It is 
assumed that the angle of incidence is 30𝑜. Absorbance (b), reflectance (c), and 
transmittance (d) as function of wavelength ranging from 100𝑛𝑚 to 1𝑚 for various 
Fermi energies and sheet resistances of one layer graphene in a graphene 
supercapacitor. At short wavelengths, there are interference effects especially in the 
far-infrared and terahertz frequencies due to the comparable length scales between 
thicknesses of layers and wavelengths.   
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 Simulated optical response of a graphene super capacitor is shown in Figure 
2.10. Here the angle of incidence is 30𝑜 and wavelength of the incident radiation 
is 3𝑐𝑚. Dielectric constant of substrates and ionic liquid are assumed to be 3 and 2, 
respectively, for the wavelength of 3𝑐𝑚 [25]. First and fifth layers are a free space 
having a large thickness. Second and fourth layers having the thickness of 80𝜇𝑚 are 
the supporting substrates for graphene layers. The third layer is the ionic liquid and 
the spacer possessing a thickness of 40𝜇𝑚 between two graphene layers. The 
incident electric field is assumed to be in-plane, therefore, incident radiation is s-
polarized. Absorbance, reflectance, and transmittance of single layer graphene are 
calculated as a function of the sheet resistance (Figure 2.10(a)). Absorbance has a 
maximum value at  0.43𝑘𝛺 sheet resistance of single layer graphene. Reflectance 
decreases and transmittance increases as the sheet resistance of graphene decreases. 
Graphene layers become less metallic as the sheet resistance decreases. If the total 
impedance of all layers of the device is added, the total impedance is found to be half 
of the free space impedance i.e. 188.5𝛺. For various Fermi energies, absorbance, 
reflectance, and transmittance are calculated in a broad wavelengths ranging 
from 100𝑛𝑚 to 1𝑚 (Figure 2.10(b, c, d)). Absorbance of graphene increases as the 
intraband conductivity of graphene increases in terahertz and microwave frequencies. 
At shorter wavelengths, there are Fabry Perot resonances between the layers of the 
device due to the comparable thicknesses of the layers with the wavelength of 
incident radiation. In addition, the angle of incidence dependence of optical 
parameters for graphene supercapacitors is simulated for s- and p-polarized incident 
radiations. For an s-polarized radiation, electric field is in the device plane and 
magnetic field is in the incidence plane. Simulated optical parameters for graphene 
capacitor are shown in Figure 2.11 for 3𝑐𝑚 wavelength. The maximum absorbance 
value being 50% is constant for various angles of incidences but the peak position 
shifts to higher sheet resistance values. While the angle of incidence increases, 




Figure 2.11 Optical response of a graphene supercapacitor for various angle of 
incidences for an s-polarized radiation. Absorbance (a), reflectance (b), and 
transmittance (c) of the device as function of sheet resistance are graphed. As the 
angle of incidence increases, incident radiation experiences more impedance. 
Absorbance reaches its maximum value at high sheet resistance of single layer 
graphene. (a) Absorbance, reflectance, and transmittance of the device at 1𝑘𝛺 sheet 




Figure 2.12 Optical response of graphene capacitor is shown for p-polarized 
radiation. Absorbance (a), reflectance (b), and transmittance (c) are plotted as a 
function of sheet resistance of graphene layers. For p-polarization, peak position of 
the absorbance shifts to smaller resistances as the angle of incidence increases. 
Absorbance and reflectance decrease and transmittance increases as the angle of 





 Therefore the reflected intensity increases but transmitted intensity decreases 
as the angle of incidence is increased (Figure 2.11(d)). For a p-polarized incident 
radiation, electric field is in the incidence plane and magnetic field is on the device 
plane. The optical response of graphene capacitor has been calculated for p-polarized 
incident radiation on the graphene capacitor (Figure 2.12). As the incidence angle is 
increased, the maximum value of absorbance is not varying. Peak position of 
absorbance shifts to the smaller sheet resistance values (Figure 2.12(a)). We plot the 
reflectance and transmittance as a function of sheet resistance for various angle of 
incidence (Figure 2.12(b, c)). As the angle of incidence is increased, absorbance and 
reflectance decrease and transmittance increases (Figure 2.12(d)) for 1𝑘𝛺 sheet 
resistance of graphene. Incident electromagnetic wave experiences less total 
impedance as the angle of incidence increases and hence graphene capacitor behaves 





     
Chapter 3 
Fabrication of large area graphene 
supercapacitors 
A supercapacitor can hold more electrical charges and store much more energy when 
compared to standard commercially available dielectric based electrolytic capacitors. 
There are two electrodes in a supercapacitor as in the electrolytic capacitor but 
supercapacitors use electrolyte instead of a dielectric between the electrodes. 
Graphene supercapacitors use two graphene layers as the electrodes of the 
supercapacitor and an electrolyte in between them. Applied bias is linearly distributed 
between two electrodes of the standard dielectric capacitor hence the created electric 
field is constant and weak (Figure 1.2). However, applied bias drops sharply in the 
electrical double layer of graphene supercapacitors hence created electric field is very 
high (Figure 1.2).When a bias is applied to the two electrodes of a graphene 
supercapacitor, the electrolyte is polarized and electrical charges are collected on two 
electrical double layers (EDL) at electrode-electrolyte interface. The graphene based 
supercapacitors are also used for high performance energy storage purposes, 
multilayer or porous single layer graphene layers are used to achieve large surface 
area for the capacitor. Increasing the surface area of the capacitor increases the charge 
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storage capacity of the capacitor. Our device is not appropriate for high energy 
storage applications due to its insufficient surface area. Our aim is to change the 
optical properties of single layer graphene by collecting large number of electrical 
charges on graphene surface. High charge density on graphene surface dopes 
graphene and shifts the Fermi energy level up or down. Therefore, the optical 
conductivity and absorbance of graphene can be tuned by tuning the Fermi level of 
single layer graphene. For this purpose, we will first explain the synthesis and transfer 
of graphene on PVC substrate, then we will explain the fabrication and 
characterization of large area graphene supercapacitors in the next two sections. 
3.1.Synthesis of graphene 
We synthesized large area graphene by using chemical vapor deposition (CVD) on 
ultra-smooth copper foils having 0.1𝜇𝑚 surface roughness purchased from Mitsui 
mining and smelting company (LTD, B1-SBS). A quartz chamber having a diameter 
of  8𝑐𝑚 was used in a double zone split furnace having a zone length of 60cm as 
shown in Figure 3.1(b). Large area graphene growth starts by cutting smooth copper 
foils with an appropriate dimensions and locating copper foils on a flat quartz holder 
as shown in Figure 3.1(a). The quartz holder has 30𝑐𝑚 length and 7𝑐𝑚 width. 
Copper foils are heated in the furnace until 1035𝑜𝐶 under 100𝑠𝑐𝑐𝑚 𝐻2 flow; here 
hydrogen is used for removal of the oxide layer on the surface of the copper foils. 
When the temperature of the furnace is at 1035𝑜𝐶, graphene growth starts by 
sending 10𝑠𝑐𝑐𝑚 𝐶𝐻4 to the chamber. The growth temperature and duration 
are 1035𝑜𝐶 and 45𝑠, respectively. After terminating the growth by stopping the flow 
of 𝐶𝐻4, the copper foils are cooled down to the room temperature under 
again 100𝑠𝑐𝑐𝑚 𝐻2 flow. At room temperature, 𝐻2 flow and vacuum pump are 
stopped, and the chamber is opened to the atmospheric pressure. Subsequently, the 
copper foils are removed from the furnace as shown in Figure 3.1(c). Maximum size 
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of graphene that can be grown is the same size with the quartz holder (30𝑐𝑚 
by 7𝑐𝑚). The width and length of the holder cannot be increased further because of 
the restricted diameter of quartz chamber and length of the furnace. The size of the 
quartz chamber and the furnace limit the growth of large area graphene in one growth. 
If the sizes of the chamber and the furnace are increased, than it is possible to grow 
large area graphene layers on copper foils in a single growth. However, one of the 
problems is the cost of growth system. The cost increases with the size of the furnace 
and the quartz chamber for ordinary and standard sizes as expected. However, the 
cost increases incredibly for special, rare, and large furnaces and quartz chambers. 
Another problem is the non-uniformity of the temperature distribution in a large 
chamber, a uniform temperature distribution is required for a high quality and 
uniform graphene growth. Therefore, growing large area and high quality of graphene 
is a very big challenge. The approach used here to fabricate large area uniform 
graphene is based on welding of grown graphene samples to each other rather than 
growing a large area graphene in one step. This approach is unique and developed in 
this research and in this way large area graphene samples can be easily fabricated at 
lower cost. A number of graphene samples are grown on copper foils and then these 
graphene grown copper foils are welded to each other during the transfer process as 
explained in detail in the next section. Graphene is grown on two pieces of copper 
foils having the dimensions of 14𝑐𝑚 length and 7𝑐𝑚 width in one growth to be able 
to obtain a graphene sample with dimensions of 14𝑐𝑚 length and 14𝑐𝑚 width as 




Figure 3.1 Photographs of the smooth copper and the high temperature furnace. 
Before starting growth process, the smooth copper foils are cut according to the size 
of the flat quartz holder and then the copper foils are located on the holder as shown 
in a). Quartz holder has 30𝑐𝑚 length and  7𝑐𝑚 width, the diameter of the quartz 
chamber is 8𝑐𝑚. The holder is located at the center of the quartz chamber and the 
chamber is vacuumed with an oil pump. Then the foils are heated until  1035𝑜𝐶 under 
 100𝑠𝑐𝑐𝑚 𝐻2flow by using a double zone high temperature split furnace with a width 
of  60𝑐𝑚 shown in b). Graphene is grown by sending 10𝑠𝑐𝑐𝑚 of  𝐶𝐻4 
with 100𝑠𝑐𝑐𝑚 𝐻2 for 10𝑠. After growth of graphene, copper foils are removed from 
the furnace after cooling furnace down to the room temperature under 100𝑠𝑐𝑐𝑚 𝐻2 
as shown in c). 
3.1.1.Transfer of graphene 
After growing graphene on copper foils, it is transferred to polyvinyl chloride (PVC) 
substrate. Two pieces of graphene are grown with a size of 14𝑐𝑚 length and 7𝑐𝑚 
width, Figure 3.1. In order to fabricate larger area graphene samples, a new transfer 
method called here as graphene welding has been used. Two graphene grown copper 
foils are welded to each other instead of increasing the chamber and furnace size. The 
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graphene welding process is shown in Figure 3.2. Two graphene layers grown on 
copper foils are laid on the fusible side of a PVC substrate with a short overlap. It 
should be clarified here that the graphene to be transferred is located between the 
copper foils and the PVC substrate. There is a gap between two overlapping graphene 
layers grown on copper foils and PVC substrate before lamination. When the PVC is 
heated to ~120𝑜𝐶 by a lamination machine, the gap is filled with the PVC polymer. 
Two graphene layers are electrically connected to each other after etching the copper 
foils. There is no contact resistance between two graphene layers after the welding 
process. In other words, the sheet resistance of graphene is the same when measured 
along the welding line or perpendicular to the welding line. Welding of two different 
graphene layers is similar to the growth process of graphene. In the growth process 
of graphene, graphene starts to grow from a nucleation center on the surface of a 
polycrystalline copper foil. There are number of nucleation centers on copper surface 
and each nucleation center drives the growth of one grain of graphene. During the 
graphene growth process, the grains become larger size and meet on the grain 
boundaries. Although each graphene grains are different, they are physically 
connected to each other through grain boundaries. On the other hand, during the 
graphene welding process, two different graphene layers are connected by welding 
process. It can be concluded that the graphene welding is a physical connection of 
graphene layers similar to the connections between two grains of graphene during the 
graphene growth. Graphene grown on copper foils is transferred onto the PVC 
substrate as indicated in Figure 3.3. Two graphene layers grown on copper foils are 
inserted between PVC and an ordinary A4 paper with a short overlap between two 
copper foils as shown in Figure 3.3 (a) and (b). Afterwards, paper-copper-PVC stack 
is laminated by a laminating machine as shown in Figure 3.3 (c), (d), (e). Laminating 
machine heats and melts the PVC polymer at the graphene-PVC interface and two 
rollers press melted polymer to conformably coat graphene surface. Melted PVC 
physically sticks to the graphene surface when it is cooled down to the room 
temperature. Before the lamination process, graphene grown on the copper foils is 
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free and it has some surface roughness as shown in Figure 3.3 (a) and (b). After 
laminating copper foils, graphene layers perfectly stick to PVC support as shown in 
Figure 3.3 (f). There is a short step having a height of ~10𝜇𝑚 between the laminated 
graphene layers at the welding point due to the welding process shown in Figure 3.2. 
The height of the step is negligible for long wavelength applications.   
 
Figure 3.2 Schematic demonstration of the graphene welding process of two pieces 
of graphene grown copper foils. After synthesis of graphene on copper foils, copper 
foils are located on the fusible side of a PVC substrate with a short overlap as the 
graphene grown sides are on the PVC substrate. Subsequently, an A4 paper sheet was 
laid on the overlapping copper foils as a back support and the whole sample is 
laminated by using a hot lamination machine. Before laminating process, there is a 
gap between two copper foils and PVC substrate at the intersection area. When two 
copper foils are laminated, the gap between the two copper foils is filled with melted 
PVC and thus two graphene layers are welded to each other at the intersection point. 
After etching copper foils, welded and electrically contacted graphene layers on PVC 
remain on the surface of PVC. 
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Figure 3.3 Transfer process of graphene on copper foils to the PVC substrate by using 
a hot laminating machine is shown. Graphene grown on copper foils are located 
between a paper and a PVC film as in a). Then two graphene layers are welded as 
explained in Figure 3.2 and shown in b). Graphene grown on the top surface of the 
copper foils is transferred and therefore the fusible side of the PVC film is put on top 
of the copper foils as shown in a) and b). Finally, paper-copper-PVC stack is 
laminated in a hot laminating machine as shown in c), d) and e). The temperature of 
the laminating machine is ~120𝑜𝐶. Laminated and welded graphene grown copper 




Figure 3.4 Chemical etching process of laminated graphene layers grown on copper 
is shown. Two tapes are used to cover the two ends of laminated copper foils in order 
not to etch copper foils under the tape, a). Electrical contact from the transferred 
graphene layers are taken by using copper foils that are used for graphene growth. 
The copper foils are chemically etched in ~5𝑚𝑀 aqueous solution of 𝐹𝐶𝑙3 
in ~10𝑚𝑖𝑛. as shown in b) and c). After washing in a clean DI water and drying, 





 After laminating graphene layers to the PVC polymer, the copper foils have 
to be etched to be able to obtain single layer graphene on PVC substrate. ~5𝑚𝑀 𝐹𝐶𝑙3 
In an aqueous solution is used to etch 10𝜇𝑚 thick copper foil in 10𝑚𝑖𝑛. Two pieces 
of tapes are used to cover the two ends of laminated copper foils as shown in Figure 
3.4 (a). These tapes do not let tape covered parts of the copper foils to be etched, 
uncovered parts of copper foil is etched by  𝐹𝐶𝑙3 aqueous solution as shown in Figure 
3.4 (b) and (c). Un-etched copper foils are used to take electrical contact from 
graphene samples. 
3.1.2.Electrical and optical characterization of single 
layer graphene 
Graphene needs to be characterized to determine the number of layers and continuity 
of graphene after growth and transfer processes. We have optically and electrically 
characterized transferred graphene samples. For optical characterization, FTIR and 
Raman microscopes have been employed. We measured the transmission of single 
layer graphene on PVC substrate in the visible and near-IR frequencies by using FTIR 
(Figure 3.5). Firstly, we measured the optical transmission of PVC substrate without 
graphene layer. Then we measured the optical transmission of PVC substrate with 
graphene and the transmission measurements were normalized to PVC substrate. As 
a result, graphene absorbs ~%2.5 of the incident radiation at near-IR region but 
absorption of the graphene increases in the UV frequencies to~ %4 (Figure 3.5 (b)). 
The reason behind the constant absorption of ~%2.5 is due to the interband transition 
of graphene as it has been extensively discussed in the previous chapter. Theoretical 
value of the constant absorption of graphene in the visible region of the 
electromagnetic spectrum is  ~%2.24 that is smaller than the experimentally 
measured value. During the calculation, we assume that graphene is in free space. 
The difference between experimentally measured and theoretical calculations is 
mainly due to the excitonic effects that is not considered during the simulation. 
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Highly energetic incident photons excite an electron from the valance band to the 
conduction band and hence a hole is created in the valance band. Then these electrons 
and holes lowers their energies by going from higher to lower energy states by 
radiating most of the absorbed energies. As a result, graphene transmits most of the 
incident radiation. Remaining energy is consumed by the generated electron hole pair 
called exciton and universal absorbance of graphene. The conductivity of graphene 
goes over the universal conductivity in the visible and UV frequencies due to 
excitonic contributions and thus the absorbance of the graphene goes beyond the 
universally constant interband absorbance of ~%2.24. The large increment in the 
absorption of graphene from near-IR to UV from ~%2.5 to  ~%4 is due to the 
excitonic contribution to the interband conductivity of graphene. Another reason for 
the difference between experimentally measured and theoretically calculated 
absorbance is the optical scattering due to the surface roughness of PVC substrate. 
The reference measurement have been performed but the reference PVC and the 
graphene transferred PVC are not identical. Another reason for the difference is the 
dielectric constant of the PVC substrate in the visible and near-IR frequencies, 







Figure 3.5 Transmission measurement of large area graphene transferred on PVC 
substrate. The photograph of a single layer graphene on a PVC substrate having two 
copper contact lines is shown in (a). FTIR spectrometer is used for the transmission 
measurements, where the transmission of graphene transferred on PVC substrate has 
been taken and normalized to a reference signal from a PVC substrate without 
graphene, (b). Due to the excitonic contribution to the absorbance of graphene, 
transmission decreases for higher energies as shown in (b).    
  
 Another method used for the optical characterization of single layer graphene 
is Raman spectroscopy. Graphene transferred to PVC substrate has a rough surface; 
therefore, it is not easy to observe a Raman excitation on PVC substrate. Instead, we 
use graphene transferred to a glass substrate which has a better surface roughness 
than the PVC substrate. We transferred graphene to a glass substrate by using 
Shipley 1813 photoresist. We drop few droplets of the resist on graphene grown 
copper and then the resist solvent was evaporated in the furnace at  80𝑜𝐶 overnight. 
When the resist solvent evaporates, the resist on the copper foil becomes hard and, 
then we etched the copper foils in  𝐹𝑒𝐶𝑙3 aqueous solution. Then we put the 
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graphene-resist stack on a glass substrate and then we anneal the glass at  80𝑜𝐶 on a 
hot plate for few minutes. Immediately after annealing at 80𝑜𝐶, we anneal the glass 
at 120𝑜𝐶 on another hot plate approximately for 1 minute. Then the resist-graphene 
stack adhered to the glass surface and then we dissolve the resist in acetone organic 
solvent. After washing and drying the glass, single layer graphene on glass substrate 
is ready for the measurement as shown in Figure 3.6 (a). 
 
 
Figure 3.6 Optical Raman spectroscopy spectrum of single layer graphene transferred 
to a glass substrate. The photograph of the graphene on glass is shown in (a). Thanks 
to the absorption of single layer graphene absorbing ~%2.24 in the visible spectrum, 
graphene is darker than glass in the photograph. Typical Raman peaks of single layer 
graphene are shown, a laser with a wavelength of 632𝑛𝑚 is used. 2D band is at 
 2700𝑐𝑚−1 and G band is at 1600𝑐𝑚−1 wavenumber. The intensity ratio of G band 




 A laser with a wavelength of 632𝑛𝑚 is used to measure the Raman scattering 
from graphene surface. Measured Raman signals of graphene on glass are indicated 
in Figure 3.6 (b). Shifted energy peaks in Raman spectrum represent some energy 
bands and these bands give key information about the quality and the number of 
graphene layers of the investigated sample. The 𝐺 band shows the in-plane 
vibrational modes of  𝑠𝑝2 hybridized carbon atoms. Expected position of this band is 
at  1587𝑐𝑚−1 for a single layer of graphene. Doping of graphene and the number of 
graphene layers determine the position and intensity of the G band. As the number of 
layer increases, 𝐺 band shifts to lower energies. This shows that the 𝐶 − 𝐶 bond 
energies decrease as the number of graphene layers increase. Moreover, the intensity 
of the G band increases with the number of graphene layers. If doping of graphene is 
increased than the G band energy shifts to higher wavenumbers. Intensity of the G 
band does not vary too much with doping. In the measurements, it is obvious that 𝐺 
band is located at 1595𝑐𝑚−1, Figure 3.6(b). This value is higher than the pristine 
graphene G band position because the graphene used here is p-type doped after 
chemical etching. Another interesting band in the graphene Raman spectrum is the 𝐷 
band showing the radial breathing mode of carbon rings in the graphene lattice. In 
pristine graphene and in graphite, 𝐷 band is quite negligible. If there are defects in 
the carbon lattice of graphene, then 𝐷 band intensity increases due to the defect 
increasing the scattering of the incoming laser light. The 𝐷 band is expected to be 
at 1350 𝑐𝑚−1, consistently it is located at  ~1350 𝑐𝑚−1 in the experimental 
measurements. Another interesting band in the Raman spectrum of graphene is the 
 2𝐷 band showing two phonon double resonant intervalley scattering energies. This 
band does not need a defect to be activated; it strongly exists in pristine graphene and 
graphite samples. For single layer graphene, it is expected that 2𝐷 band is very 
symmetric and has FWHM of  30𝑐𝑚−1 and centered at 2590𝑐𝑚−1. For multilayer 
graphene, 2𝐷 band has a non-symmetric and wide peak and the peak intensity is 
larger than the single graphene layer. In addition, the peak center is at the lower 
energies in the case of multilayer graphene. Here in the experimental measurements, 
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2𝐷 band has a symmetric peak with FWHM of 40𝑐𝑚−1 at 2588𝑐𝑚−1. Another 
analysis parameter is the ratio of 2𝐷 band intensity to the 𝐺 band intensity; the 
expected ratio is  2 for pristine graphene. In the measurements, that ratio found to be 
around 1.35  thanks to the doped graphene layers. Therefore, analysis of  2𝐷 band 
also indicates that the graphene used in this study is single layer and has a high 
quality.  
 For electrical characterization of fabricated large area graphene on PVC 
substrate, the sheet resistance of the graphene is measured by using transfer line 
method. A multimeter is used to measure the resistance of graphene layers possessing 
varying lengths and the same width as shown in Figure 3.7(a). Then the measured 
total resistance is multiplied with the width of graphene samples (𝑅𝑡. 𝑤) to be able to 
calculate the normalized resistance. Then the normalized resistance is plotted as a 
function of the graphene sample length as shown in Figure 3.7(b). Then the measured 
data is fitted linearly and the slope of the fitted line is calculated. The slope gives the 
sheet resistance as 𝑅𝑠 = 3.32𝑘𝛺/𝑠𝑞; this value of sheet resistance corresponds to the 
resistance of the slightly doped graphene layers. Another important parameter that 
can be retrieved from the transmission line plot is the contact resistance of graphene 
to the copper foil contacts. As demonstrated in the small signal circuit model of 
graphene in Figure 3.7(c), there are two contact resistances 𝑅𝑐 at each graphene-
copper contact and there is the sheet resistance 𝑅𝑠 of graphene in the circuit model. 
After assuming the graphene length to be zero, then 2𝑥𝑅𝑐 is measured. Therefore, the 
contact resistance can be calculated from the intersection of the fitted line at the zero 
length position where the resistance gives two times the contact resistance 2𝑥𝑅𝑐. 
Double contact resistance is due to the two contact resistances in the small signal 
circuit model of graphene in Figure 3.7(c). The contact resistance is measured here 
as ~𝑅𝑐 = 0.7𝑘𝛺. 𝑐𝑚 which is normalized with a width of the graphene sample. For 
a graphene sheet having 14𝑐𝑚 width, the contact resistance per each contact is 
calculated as ~𝑅𝑐 = 0.05𝑘𝛺. This low contact resistance is quite negligible when 




Figure 3.7 Electrical characterization of single layer graphene on PVC substrate is 
shown. Total resistances of the graphene on PVC substrates with different lengths are 
measured as in (a). Then the measured resistance is multiplied with the width of the 
graphene on PVC substrate and plotted as a function of graphene length as shown in 
(b). The slope of the fitted line gives the sheet resistance of graphene, which is 𝑅𝑠 =
3.32𝑘𝛺/𝑠𝑞. The resistance value at which the fitted line intersects at zero length is 
two times the contact resistance of graphene to copper foil contacts having the width 
of 1𝑐𝑚. Here the contact resistance is calculated as ~𝑅𝑐 = 0.7𝑘𝛺. 𝑐𝑚. The circuit 
diagram of a graphene layer on PVC substrate with two copper contacts is drawn in 
(c). There are two contact resistances due to two copper foil contacts and also one 





3.2.Large area graphene supercapacitors 
Large are graphene supercapacitors are fabricated by using two layers of graphene 
transferred on PVC substrates. Schematic representation of the device is shown in 
Figure 3.8(a); two graphene layers are used as the electrodes of the capacitor, and an 
ionic liquid (Diethyl methyl (2-methoxyethyl) ammonium bis 
(trifluoromethylsulfonyl)imide, [deme][Tf2N]) is used between these two graphene 
electrodes. The ionic liquid has positively and negatively charged ions and the net 
charge density is zero. When a bias voltage is applied between these two graphene 
electrodes, the ionic liquid is polarized and plus and minus charged ions are collected 
at the ionic liquid-graphene interface. The ions create electrical double layer (EDL) 
with a thickness of ~1𝑛𝑚 at that interface. The positively charged ions are collected 
at negatively charged graphene surface whereas the negatively charged ions are 
collected at positively charged graphene surface, Figure 3.8(a). If applied potential 
difference is 𝑉, one half of the applied potential is consumed in one EDL and the 
other half is consumed in the other EDL. The change in the applied potential in such 
a thin EDL creates a high electric field at the graphene-ionic liquid interface. Due to 
the high charge density and high electric field at graphene-ionic liquid interface, 




Figure 3.8 Large area graphene supercapacitor is shown. a) Schematic representation 
of graphene supercapacitor; there are two graphene electrodes and there is an ionic 
liquid between these two graphene electrodes. A bias voltage is applied between these 
two graphene electrodes and the ionic liquid is polarized. Negative ions are collected 
at positive bias applied graphene electrode and positive ions are collected at negative 
bias applied graphene electrode. Collected ions create ~1𝑛𝑚 thick electrical double 
layer (EDL) at graphene-ionic liquid interface. Photograph of the fabricated graphene 
supercapacitor is shown in b). 
 
3.2.1.Electrical characterization of graphene 
supercapacitors 
Graphene electrodes used in the graphene supercapacitors have electrically tunable 
Fermi energy. Applying a bias voltage to graphene electrodes create high electric 
field at graphene ionic liquid interface and that high electric field shifts the Fermi 
level of graphene from Dirac point to a higher energy level. Tuning the Fermi level 
energy of graphene with an applied electric field enables tuning the sheet 
resistance 𝑅𝑠 and the quantum capacitance 𝐶𝑞 of the graphene layers as well. The 
67 
 
drawn circuit model of the graphene supercapacitor is shown in Figure 3.9(a). 
Graphene electrodes are represented by a tunable sheet resistance 𝑅𝑠 and a tunable 
quantum capacitance 𝐶𝑞. Two graphene electrodes are connected with an ionic liquid 
and the ionic liquid is represented by a resistances 𝑅𝑒 and a capacitance 𝐶𝑒. 𝐶𝑒 Is the 
electrostatic capacitance of the ionic liquid, it is constant having the value in the order 
of  ~1𝑚𝐹 and does not vary with a varying bias voltage. 𝑅𝑒2 Is the resistance due to 
the electrostatic capacitance of the ionic liquid, this resistance is high and constant 
for the bias voltages less than 3𝑉. However, 𝑅𝑒 decreases for the voltage values 
beyond  3𝑉 which is the limiting voltage value for the stability of ionic liquid. All the 
experiments are performed for a bias voltages less than  3𝑉 hence 𝑅𝑒 is not 
considered during the calculations below. Total impedance of the graphene 
supercapacitor circuit for an 𝐴𝐶 signal with an amplitude less than or equal to 3𝑉 can 
be expressed as 
𝑍𝑡𝑜𝑡𝑎𝑙 = 𝑍𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒1 + 𝑍𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + 𝑍𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒2 (3.1) 
If we write contribution of each layer explicitly; 










Where, 𝑤 is the frequency of 𝐴𝐶 signal. If the two graphene electrodes are assumed 
to be identical, then 







 If the resistance and capacitance terms are written together 










Figure 3.9 Electrical characterization of fabricated large area graphene 
supercapacitors. (a) Circuit diagram of graphene supercapacitor is shown, graphene 
electrodes are represented with a tunable capacitance 𝐶𝑞 and resistance 𝑅𝑠 and 
electrolyte is represented with a resistance 𝑅𝑒 and a capacitance 𝐶𝑒. (b) Modulation 
of 𝐶𝑞 and 𝑅𝑠 as a function of voltage is shown. (c) Cyclic voltammetry of graphene 
supercapacitor is shown, charging and discharging of the capacitor at various scan 
rates is plotted. (d) We measured time response for charging and discharging of 
graphene supercapacitor. We apply 3𝑉 for charging and  0𝑉 for discharging and 
record current for the time trace. Time response of both charging and discharging 
is ~1𝑠.  
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Electrostatic capacitance of the ionic liquid is in the order of 1𝑚𝐹 and quantum 
capacitance of graphene layer is in the order of 1𝜇𝐹. Therefore the contribution from 
the ionic liquid to the total capacitance of the device can be safely neglected. Finally, 
the total impedance can be expressed as 




When the total resistance and capacitance of graphene supercapacitor are measured, 
the resistance and capacitance of graphene layers are measured. HP 4284A precision 
LCR meter is used to measure capacitance and resistance of the graphene capacitors 
as a function of the bias voltage. An AC signal with amplitude of 100 mV is applied 
together with a variable DC voltage to the device. The serial resistance and 
capacitance were obtained by using serial capacitance and resistance (Rs-Cs) model. 
By using the measured total resistance and capacitance, the sheet resistance and 
quantum capacitance of graphene are extracted and then plotted in Figure 3.9(b). At 
zero voltage, the Fermi level is close to the Dirac point of graphene layers and hence 
the resistance is at the maximum value (~8𝑘𝛺/𝑠𝑞) and the capacitance is at the 
minimum value (~0.5𝜇𝐹/𝑐𝑚2). As the applied bias voltage increases, the resistance 
decreases down to ~0.8𝑘𝛺/𝑠𝑞 and the capacitance increases to ~2.3𝜇𝐹/𝑐𝑚2 as 
demonstrated in Figure 3.9(b). The cyclic voltammetry of graphene supercapacitors 
is measured as indicated in Figure 3.9(c). The graphene capacitor is charged and 
discharged with three scan rates (25,50,100𝑚𝑉/𝑠), increasing scan rate decreases 
the amount of hysteresis of the capacitor. Electrical double layer creates the hysteresis 
for the graphene supercapacitor. To further characterize time response of charging 
and discharging of the device, 0𝑉 and  3𝑉 are applied to the graphene capacitor in a 
sequence and the time trace of the charging and discharging current is recorded, 
Figure 3.9(d). Charging and discharging times are ~1𝑠, here the time is limited with 





Figure 3.10 Leakage current and hysteresis observed in the transport measurements. 
(a) Nonlinear RC circuit model used to characterize the leakage current of the 
graphene super capacitor. (b) Leakage current of the graphene capacitor as a function 
of bias voltage between the graphene electrodes. (c) Variation of the resistance of 
graphene electrodes with bias voltage. (d) Variation of the total capacitance of the 





 In order to understand the working range of the graphene supercapacitor 
device, graphene capacitor is modelled in series connection of a total 
resistance 𝑅𝑡𝑜𝑡𝑎𝑙(𝑉) and a total capacitance 𝐶𝑡𝑜𝑡𝑎𝑙(𝑉) for an applied 𝐷𝐶 bias as 
illustrated in Figure 3.10(a). The leakage current of the capacitor is measured as in 
Figure 3.10(b). Total capacitance has high 𝐷𝐶 field resistance at bias voltages lower 
than 3𝑉 hence leakage current is extremely small at that bias range. When the bias 
voltages are higher than 3𝑉, graphene capacitor starts to leak current due to the 
exceeding of the electrochemical window of the electrolyte as shown in Figure 
3.10(b). To further characterize the graphene supercapacitor device, the resistance 
and capacitance of graphene capacitor are measured during forward bias scan 
from −3𝑉 to 3𝑉 and reverse bias scan from  3𝑉 to −3𝑉. There is a small hysteresis 
both in the resistance and the capacitance values as a function of bias voltage as 
shown in Figure 3.10(c, d).  
 
Figure 3.11 Simulated charging and discharging behavior of graphene supercapacitor 
obtained from the circuit simulator (Advanced Design System (ADS), Agilent). The 
total charge on the graphene capacitor derived by a square pulse with 30s period and 
50% duty cycle. 
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3.2.2.Optical spectroscopy of graphene 
supercapacitors 
Graphene has a universal optical conductivity in visible and near-IR region of optical 
spectrum due to interband transitions between the valance and the conduction bands 
of single layer graphene. Thanks to this constant optical conductivity, graphene 
absorbs ~%2.24 of the incident radiation in visible and near-IR frequencies as 
calculated in the previous chapters. Energy of the absorbed photons depends on the 
doping level of graphene; if the energy of the incident radiation is lower than 2𝐸𝑓, 
the incident radiation transmits through graphene without absorbing. If the energy of 
incident photons is larger than 2𝐸𝑓, ~%2.24 of the incident radiation is absorbed by 
single layer graphene theoretically. Therefore, it is possible to tune absorption of 
graphene by tuning the Fermi energy of graphene. The transmission modulation of 
graphene supercapacitor is measured by using Fourier transform infrared 
spectrometer (FTIR). Schematic of the measurement set up is shown in Figure 
3.12(a).There is a broad band light source in the FTIR and a Michelson 
interferometer. Each time a different spectral decomposition of light beams is 
exposed to the sample and the transmitted intensity is measured. After taking Fourier 
transform of the time domain measurement to obtain frequency domain transmission, 
the spectral transmission response of graphene supercapacitors is obtained. Measured 
percent change in the transmission of a device is shown in Figure 3.12(b). At the zero 
voltage, graphene is not fully transparent in the given spectrum. Upon increasing the 
bias voltage, transmission of the device increases for the energy values lower than 
the 2𝐸𝑓. There are two steps change in the transmission spectrum of the device, these 
steps correspond to the two graphene layers in the capacitor. By using transmission 
data, the corresponding Fermi energy of each graphene layers are calculated and 
shown in Figure 3.12(c). Due to Stefan-Boltzmann like distribution of electrons in 
the graphene bands at room temperature, absorption variation is not sharp as 




Figure 3.12 Optical characterization of graphene supercapacitors. (a) Schematic 
drawing of the graphene capacitor and FTIR beam are shown. (b) Modulation of the 
optical transmission at various bias voltages. Modulation shows a step like spectra 
with a cutoff at 2Ef. Two overlapped step-like modulation associated with the bottom 
and top graphene electrodes are observed. (c) The extracted Fermi energies of the top 
and bottom graphene electrodes from the optical transmission modulation spectra. (d) 
The calculated charge densities on the top and bottom graphene electrodes from the 
extracted Fermi energies.  
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 Therefore the Fermi energy of graphene layers is found at the intersection of 
half of the absorption and the energy of incident photon. Total absorbance is ~%3.6 
and hence each layer absorbs ~%1.8. Corresponding energy at ~%0.9 and ~%2.7 
absorption levels for each bias voltages is found. 2𝐸𝑓 is obtained as a function of the 
applied voltage for two graphene layers in graphene capacitor as shown in Figure 
3.12(c). Fermi energy of graphene layers is quite linear with the applied bias voltage 
and each layer have different Fermi energy levels for the same bias voltage. There is 
no transmission change for the low bias voltages due to the un-intentional doping of 
graphene. Therefore the Fermi energies cannot be calculated for low bias voltages. 
The charge density on graphene layers is calculated by using extracted Fermi energy 
data from the following relation; 
𝐸𝑓 = ℏ|𝑣𝑓|√𝑛𝜋 (3.6) 
where ℏ is the Planck constant, 𝑣𝑓 = 10
6𝑚/𝑠 is the Fermi velocity, 𝑛 is the charge 
density of graphene. Charge density of the pristine graphene is in the order 
of 1012𝑒/𝑐𝑚2. The graphene supercapacitor device can increase the charge density 
of graphene to the level of 0.65𝑥1014𝑒/𝑐𝑚2 as shown in Figure 3.12(d).  
 
 In Figure 3.9(b) and Figure 3.12(c), sheet resistance and Fermi energy of one 
graphene layer are measured in graphene supercapacitor as a function of voltage, 
respectively. Combining these data, the Fermi energy as a function of the sheet 
resistance is extracted in Figure 3.13(a). The relation between 𝐸𝑓 and 𝑅𝑠 in Eq.(1.31) 
is 𝐸𝑓𝑅𝑠 = 0.334𝑘𝛺𝑒𝑉. According to the measurements that multiplication 𝐸𝑓𝑅𝑠 is 
varying between 0.7𝑘𝛺𝑒𝑉 and 1.2𝑘𝛺𝑒𝑉. The charge density is calculated as a 
function of 𝑅𝑠 from Figure 3.13(a) by using Eq.(3.6). The charge density versus sheet 




Figure 3.13 Electrical parameters extracted from the transport and optical 
measurements. (a) Correlation of the Fermi energy with the sheet resistance of the 
graphene electrode. (b) Charge density vs. Sheet resistance, (c), Extracted charge 






 The mobility of graphene is calculated by using extracted charge density in 
Figure 3.13(b) as a function of sheet resistance. DC conductivity of graphene can be 
written as  
𝜎𝐷𝐶 = 𝑛𝑒𝜇 (3.7) 
Where 𝑛 is the charge density, 𝑒 is the electronic charge, and 𝜇 is the mobility of 





By using the data from Figure 3.13(b) in (3.8), I calculate and plot mobility 𝜇 as a 
function of the sheet resistance 𝑅𝑠, Figure 3.13(c) and as a function of charge 
density 𝑛 in Figure 3.13(d). Here, calculated mobility of graphene is electro-optical 
mobility of graphene rather than pure electronic mobility used in transistor 
technology. The sheet resistance vs. bias voltage is measured in the LCR meter and 
then we use transmission vs. wavelength for various bias voltages measured in FTIR 
to calculate the mobility of graphene. Data of both electrical and optical 


















switchable radar absorbing surfaces 
Microwaves are part of the electromagnetic spectrum with wavelengths that range 
from one millimeter to a meter. Radar and communication technologies use passive 
metallic surfaces to guide microwaves in the free space and resistive surfaces to 
absorb them [26, 27]. Although the source of microwaves can be controlled by 
electrical means, active control of microwaves in the free space has been a challenge 
due to the requirement of large area adaptive surfaces in microwave frequencies[28-
33]. Microwave analogues of smart optical windows that enable electrically-tunable 
microwave reflection and transmission have been the subject of active research for 
many decades [28, 32, 34]. The key challenge is the ability to tune the interaction 
between microwaves and matter by electrical means. These interactions are mainly 
governed by dielectric response of the materials. Materials with tunable conductivity 
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[34, 35], permittivity [36] or permeability [37, 38] have been exploited for adaptive 
surfaces. Instead of controlling the bulk material properties, here we propose to 
control microwaves by tuning the density of free charges on a surface. Large area the 
two-dimensional crystal of carbon, graphene, allows us to test this approach and 
fabricate a new class of adaptive microwave surfaces [39, 40]. One can confidently 
argue that an atomically thin coating has negligible effects on the reflection of 
microwaves from a surface unless there are abundant free charges on it. Through 
electrostatic doping, we show that atomically thin layers can be used as a switchable 
radar absorbing surfaces. Graphene and carbon nanotube based composite materials 
have been used as resistive materials to absorb microwaves, however, to our 
knowledge they have not been used for active microwave surfaces [41-52].    
 Metals do not yield tunable electrical conductivity via external electric fields. 
This drawback prevents the uses of metals for adaptive microwave surfaces. 
Semiconductors can yield tunable surface charge density by means of metal-oxide 
semiconductor (MOS) structures [53], however, the metallic gate electrode covers 
the surface of semiconductor and screens the accumulated charges. Heating or 
illuminating a bare semiconductor surface with a light source can generate free 
carriers; but, these techniques are not practical for realistic device configurations. 
Electrically tunable materials such as ferroelectric materials [54, 55] and composite 
polymers [56, 57] have been studied for possible active microwave surfaces. Inability 
to fabricate these materials over large area and weak modulation of dielectric 
properties prevent realization of adaptive microwave surfaces. Another approach is 
to use distributed active circuit elements (diodes, transistors or photo-switches) 
integrated with passive metallic structures [58, 59]. External bias voltage or light 
source applied on these distributed circuit elements changes the effective length of 
metallic structures which yield limited control over the reflectivity of the surface. 
Moreover, micro-electro-mechanical devices and mechanical actuator have been 
used to control microwaves by mechanical means [60, 61]. Recently, graphene 
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provides new perspective to realize adaptive surfaces. The ability to control charge 
density on graphene enables new active terahertz devices for various applications 
such as switches [12], modulators [7, 8, 62-64], metamaterials [10, 65, 66], 
plasmonics [10, 67] and cloaking [65, 68]. A review by Sensale-Rodrigues et.al. [69] 
summarizes these recent developments in reconfigurable terahertz optoelectronics. 
The physical mechanism of these active THz devices is based on controlling 
intraband transitions of graphene.  
 In this paper, we implement the same idea to microwave frequencies to realize 
switchable radar absorbing surfaces. Due to the centimeter scale wavelength, 
adaptive microwave surfaces require challenging growth and device considerations. 
We show that, large area graphene capacitors, eliminate these challenges and provide 
electrically reconfigurable surfaces which would function as electrically switchable 
radar absorbing surfaces. Monoatomic thickness, tunable high mobility charged 
carriers together with the large area synthesis of graphene provide unique 
configuration for the realization of the adaptive microwave surfaces. 
4.1.Adaptive Microwave Surfaces 
Figure 4.1(a) shows a schematic representation of the device which functions as an 
adaptive microwave surface. The working principle of the device is based on the 
electrostatic tuning of high mobility carriers on graphene electrodes without using 
metallic structures. The device consists of two large area graphene electrodes on 
flexible polymer support and electrolyte medium between them. The cross sectional 
view of the device is shown in Figure 4.1(b). Application of a bias voltage between 
the graphene electrodes polarizes the electrolyte and forms ionic double layers on the 
graphene-electrolyte interface with opposite polarizations. These ionic double layers 
generate tunable high mobility free carriers (electrons and holes) on the graphene 
electrodes which can respond to microwaves. Reflection due to the electrolyte is 
80 
 
negligible, because the ions of the electrolyte have very low mobility, therefore they 
cannot influence the electric field of microwaves (Table 4-1).  
 
 
 T% R% A% 
PVC with tissue (without electrolyte) 99.47 0.02 0.51 
1-Butyl-3-methylimidazolium hexafluorophosphate  
(soaked in tissue with PVC support) 
95.72 0.11 4.17 
1-Ethyl-3-methylimidazolium tetrafluoroborate  
(soaked in tissue with PVC support) 
87.76 0.19 12.05 
Methyl-trioctylammonium 
bis(trifluoromethysulfonyl) imide (soaked in tissue 
with PVC support) 
99.20 0.02 0.78 
H2O (soaked in tissue with PVC support) 22.13 6.07 41.80 
LiBOB in propylene carbonate  
(soaked in tissue with PVC support) 
77.23 0.31 22.46 
Undoped Si 37.71 25.47 36.82 
Doped Si (5-10 Ω.cm) 29.80 19.38 50.82 
Highly doped Si 0.03 73.29 26.68 
Glass 39.53 48.41 12.06 
ITO on glass 1.32 77.23 21.45 
Multilayer graphene (~50 layers) 3.38 87.56 9.06 
Table 4-1 Comparative microwave characterization of various electrolytes and 
substrate materials. Measured microwave (at 10.5GHz) transmission, reflection and 




Figure 4.1(a) Schematic representation of the graphene-based adaptive microwave 
surfaces. The device consists of two large-area graphene electrodes transfer printed 
on a microwave-transparent PVC support and electrolyte between them. (b) Cross-
sectional view of the device. Application of a voltage bias polarizes the electrolyte 
(ionic liquid) and forms ionic double layers on the graphene–electrolyte interface. 
 
 To fabricate this device, we synthesized large area graphene (20cm x 20cm) 
by chemical vapor deposition on ultra-smooth copper foils and then we transferred 
graphene on a microwave-transparent and flexible polyvinyl chloride substrate (PVC, 
thickness of 70μm, see Figure 3.1, Figure 3.2, Figure 3.3, Figure 3.4). We attached 
two graphene coated PVC films (graphene coated sides are facing to each other and 
separated by 50μm thick spacer) and filled the gap between graphene electrodes with 
ionic liquid (Diethylmethyl(2-methoxyethyl)ammoniumbis(trifluoromethylsulfonyl) 
imide, [deme] [Tf2N]) which works as an electrolyte with a wide electrochemical 
window of ±3.5V. Figure 4.2(a) shows the fabricated device with dimensions 
of 20cm x 20cm. This simple device architecture yields an unprecedented ability to 
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control charge density on large area graphene electrode which operates as a tunable 
metal.  Electrostatic and electrochemical mechanisms are used to store charges at the 
electrode of the supercapacitors. In our devices, we used only electrostatic storage to 
prevent detrimental effects on single layer graphene. Redox reactions can damage the 
electrical continuity of the single layer graphene. Electrochemical storage can be used 
for multilayer graphene electrodes; however, multilayer graphene is not suitable for 
our purpose due to the lack of efficient modulation.   
 
 
Figure 4.2 (a) Photograph of the fabricated device. (b) Representation of the 
electronic band structure of graphene and electronic transitions that defines the 
broadband optical response. 
 
 Notably, tunable charge density on large scale graphene enables us to control 
light-matter interaction in a very broad spectrum ranging from the visible to 
microwave frequencies [4, 5, 7, 69, 70].  Figure 4.2(b) illustrates the interband and 
intraband electronic transitions of graphene that define this broadband optical 
response. We calculated the optical absorption of single layer graphene with different 
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charge densities over a very broad spectrum covering from the visible to microwave 
(Figure 4.3). We can classify this spectrum into two sections based on interband and 
intraband transitions.   
 
 
Figure 4.3 Calculated broadband absorption of a single layer graphene with different 
sheet resistance for the electromagnetic spectrum covering from the visible to 
microwave frequencies. 
 
 The optical response in the visible and near infrared is defined by the 
interband transitions which provide a constant optical conductivity which yield  
 2.3% broadband optical absorption and negligible reflection. This small absorption 
can be blocked via Pauli blocking that yields step like optical transmission spectra 
with a cut-off at 2𝐸𝑓. To obtain the charge density on graphene electrodes we 
measured the Fermi energy from the optical transmission spectra (500 − 1100𝑛𝑚 
range, Figure 3.12 and Figure 3.13). Fermi energy of graphene electrodes scales with 
the charge density as 𝐸𝑓 = ℏ𝑣𝑓√𝜋𝑛 where 𝑣𝑓 is the Fermi velocity (1.1𝑥10
8 𝑐𝑚/𝑠) 
[71] and 𝑛 is the charge density. Since ionic liquid electrolyte yields very efficient 
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electrostatic doping, the Fermi energies increase up to 1𝑒𝑉 (Figure 3.12) at a bias 
voltage of 5𝑉. The extracted charge density on graphene electrodes varies 
between 0.5𝑥1013 to 5.5𝑥1013 𝑐ℎ𝑎𝑟𝑔𝑒/𝑐𝑚2. The associated Fermi energies vary 
between 0.2𝑒𝑉 to 1𝑒𝑉. For longer wavelengths, however, interband transitions are 
blocked due to unintentional doping therefore, the long-wavelength optical response 
is due to intraband transitions which yield frequency dependent Drude like optical 
conductivity[70] of  𝜎(𝜔) = 𝜎𝐷𝐶/(1 − 𝑖𝜔𝜏), where 𝜎𝐷𝐶 is the low frequency 
conductivity, 𝜔 is the angular frequency of electromagnetic wave and 𝜏 is the electron 
scattering time. By tuning the low-frequency conductivity of graphene through 
electrostatic doping, we can obtain significant change in the absorption (as large 
as 50%) in the microwave frequency. This large broadband absorption has been 
predicted for ultrathin conducting films [24] and graphene [7]. The absorption due to 
intraband transitions rolls down at terahertz frequencies (𝑓𝑡 ≈ 1/𝜏) due to the 
electron scattering time of graphene.  The electron relation time for CVD graphene 
is around 0.2𝑝𝑠 [72] which corresponds a cut-off frequency of 5 THz. Therefore, we 
expect that the response of graphene supercapacitors should be flat in the microwave 
frequencies and rolls down in the 𝑇𝐻𝑧 frequencies [7, 8]. 
   
 We measured the microwave reflection and transmission from our device at 
a frequency of 10.5𝐺𝐻𝑧 (wavelength of 2.8𝑐𝑚). We used TE-polarized microwave 
transmitter with a power of 15𝑚𝑊 and two receivers (Figure 4.4(a)). We applied an 
external voltage bias and measured the variation of the reflected (Figure 4.4(b)) and 
transmitted (Figure 4.4(c)) microwave power. At a bias voltage of  0𝑉, only 1.8% of 
the incident beam is reflected from the device. This small reflection is due to the 
residual charges and/or unintentional doping on the graphene electrodes. The PVC 
substrate and the ionic liquid have negligible microwave reflection (< 0.1%, Table 
4-1). As we increase the bias voltage, the reflection increases up to 20% at a bias 
voltage of 3.5𝑉. As the charge density on the capacitor increases, the transmitted 
power decreases from 76 to 36% because of enhanced reflection and absorption. The 
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extracted microwave absorption due to Joule heating ( 𝐴 = 1 − 𝑇 − 𝑅 where 𝑇 and 𝑅 
refers transmitted and reflected power) is given in Figure 4.4(d).  
 
Figure 4.4 Microwave characterization of the adaptive microwave surfaces. (a) 
Experimental setup used for the microwave measurements. A microwave transmitter 
with a power of 15mW at 10.5 GHz and two receivers were used to measure the 
reflected and transmitted microwave power. (b, c) Measured intensity of the reflected 
and transmitted microwaves plotted against the bias voltage. (d) The extracted 
microwave absorption of the graphene capacitor as a function of bias voltage. 
86 
 
 The microwave absorption of the graphene capacitor can be tuned between 
 21 to  45% of the incoming microwaves for the bias voltage range of 0 to 3.5𝑉. We 
observed a slight asymmetry in modulation of microwave at positive and negative 
voltages likely due to different ionic strength of anions and cations of the electrolyte. 
The sheet resistance of the graphene electrodes is a practical parameter to understand 
the microwave response of this device. Figure 4.5(a) shows the variation of the total 
resistance of the device as a function of bias voltage. The total resistance (𝑅𝑇 + 𝑅𝐵, 𝑇 
and 𝐵 represents the top and bottom electrodes) reaches the peak value of 8𝑘𝛺 at the 
charge neutral point (−0.1𝑉) and decrease down to 2.7𝑘𝛺 at a bias voltages of 3.5𝑉. 
After extracting the contact resistance (𝑅𝑐~0.7𝑘𝛺. 𝑐𝑚 , Figure 3.7), we plot the 
measured values of the reflection, transmission and absorption of microwaves 
at 10.5𝐺𝐻𝑧 frequency, against the sheet resistance of the graphene electrode (Figure 
4.5(b)). There are two mechanisms that cause the observed hysteresis in our devices. 
The first mechanism is the formation of electrical double layers and slow response of 
the electrolyte due to low mobility of the ions in the electrolyte.  Hysteresis during 
charging and discharging is a common phenomenon in supercapacitors. The second 
mechanism is the electrochemical doping of graphene electrodes. When we apply 
relatively large voltage, which is close to the electrochemical window, the small 
leakage current (Figure 3.10) is inducing chemical doping on graphene which shifts 
the Dirac point. The shift in Dirac point during the voltage scan appears as a 
hysteresis in the microwave measurements. To get more insight, we calculated the 
coefficient of reflection and transmission of graphene electrodes for TE polarized 
electromagnetic waves by solving the Maxwell’s equations for the capacitor 
geometry (two graphene electrodes and ionic liquid between them, see Chapter 2). 
We modeled graphene as a Drude metal with a frequency dependent 
conductivity  𝜎(𝜔) = 𝜎𝐷𝐶/(1 − 𝑖𝜔𝜏), where 𝜎𝐷𝐶 is the low frequency 
conductivity, 𝜔 is the angular frequency of electromagnetic wave and τ is the electron 




Figure 4.5 (a) Measured resistance of graphene electrodes (including contact 
resistance) as a function of bias voltage. (b) The experimental (scattered plot) and 
calculated (solid lines) microwave reflection, transmission and absorption are plotted 
against sheet resistance. (c, d) Real-time microwave reflection, and transmission, 
through the graphene capacitor during periodic charging and discharging. The RC 
response time of the capacitor is determined by the varying resistance of the graphene 
electrodes and the total capacitance of the device. The extracted response time of 
















3.2  725  0.00033 
@ 3 GHz  
5.4 1015 
Table 4-2 Electrical properties of the PVC substrate. [25] 
 
 At 10.5𝐺𝐻𝑧, the conductivity is very close to 𝜎𝐷𝐶 obtained from the transport 
measurements. The results of the electromagnetic model is plotted in Figure 4.5(b) 
(line plot) against the sheet resistance of the graphene layers. As the sheet resistance 
of graphene increases, the microwave reflection drops sharply whereas the 
microwave transmission increases. Interestingly, the microwave absorption reaches 
a maximum of 50% at the sheet resistance of 430𝛺 and drops gradually as the sheet 
resistance increases further. We observed a good agreement between the experiment 
and the electromagnetic model. The slight deviation at large sheet resistance (around 
Dirac point) is likely because of inhomogeneous charge density on large area 
graphene owing to the charge puddle formation [73].  The variation of the microwave 
reflection can be understood by a simple transmission line model (see section 2.2 and 
Figure 2.8). As the sheet resistance of graphene varies, the characteristic impedance 
of the surface changes. The dynamic range of the microwave surface is limited by the 
two main effects:  (1) the electrochemical window of the electrolyte which limits the 
maximum charge density on graphene electrodes, (2) the unintentional doping on the 
graphene which limits minimum charge density. However, due to the lack of a band 
gap, there is always some degree of charges on graphene electrodes at unbiased case. 
A graphene like material with electronic band gap (carbon nanotube networks, 𝑀𝑜𝑆2 
or other 2D materials) could provide better control of the minimum charge density. 
Thermal effects due to the absorbed microwaves on graphene electrodes, is another 
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limiting factor for high microwave powers. The thermal effects can be optimized by 
controlling the substrate material and the geometry. 
 To probe the switching characteristics of the active microwave surface, we 
monitored the reflected and transmitted microwave power as the bias voltage varies 
repeatedly between 3 and 0𝑉. Figure 4.5(c) and Figure 4.5(d) shows the time trace of 
the reflected and transmitted power, respectively. The graphene capacitor behaves 
like a nonlinear RC circuit (Figure 3.9, Figure 3.10, Figure 3.11). The response time 
of the device is characterized by the resistance of graphene electrodes and the 
capacitance of the device. We extracted the response time of 300𝑚𝑠 for a device with 
dimensions of 8𝑥8𝑐𝑚2. This number agrees well with averaged time constant 𝜏 =
𝑅𝐶 = 330𝑚𝑠 calculated from the average capacitance (~100𝜇𝐹) and 
resistance (~3.3𝑘𝛺/𝑠𝑞) obtained from the transport measurements. The time 
constant of the device can be reduced by increasing the charge mobility of graphene 
electrodes (i.e. increasing the grain size of graphene flakes) or ionic mobility of the 
electrolyte. Using an electrolyte with high ionic conductivity can improve the 
response time, however, there is a trade of between the ionic mobility and 
electrochemical stability. The ionic liquid electrolyte [deme][Tf2N], provides the 
optimum performance (see Table 4-1) [74]. 
4.2.Switchable radar absorbing surfaces 
After studying the microwave response of the graphene capacitors, we would like to 
demonstrate electrically switchable radar absorbing surfaces. The maximum 
microwave absorption of single layer graphene is limited to 50% defined by the 
Maxwell’s equations [7, 24].  To reduce the microwave reflection from the surface, 
we demonstrated a resonant device architecture (Figure 4.6(a)) which includes the 




cos (𝜃), where, λ is the wavelength and θ is the incidence angle).  
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This configuration is knows as Salisbury screen previously used for enhancing 
microwave absorption of resistive materials [30] and graphene at infrared and 
terahertz frequencies [8, 75]. Figure 4.6(b) and Figure 4.6(c) show the pictures of the 
front and back side of the resonant device.  
 
 
Figure 4.6 Graphene based switchable radar absorbing surfaces. (a) Schematic 
representation of the resonant device including the graphene capacitor and metallic 
surface placed at a distance of quarter-wavelength. (b, c) Photographs of the front and 
the back side of the fabricated device. 
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 Surprisingly, locating a flat metal at a quarter wavelngth distance yields very 
high reflection suppression at high doping concentration on graphene.  The variation 
of the microwave reflection of this device is shown in Figure 3d. At 0V, the reflection 
is maximum at 60% (-3 dB) and as we increase the bias voltage, the reflection 
diminishes entirely (< - 45 dB, Figure 4.7(a)). At 3V, the Fermi energy and charge 
density on graphene electrodes are around 0.95eV and 5.5x1013cm2, respectively. The 
time traces of the reflection (Figure 4.7(b)) show a remarkable reflection suppression 
ratio of around 50dB which is limited by our detector. When the gap between the 
graphene electrodes and the metallic surface is a quarter of the wavelength, the 
reflection from the metallic surface forms a standing wave with the antinodal plane 
(maximum lateral electric field) which is on graphene electrode. Therefore, the 
distance between the graphene electrodes and the metallic surface defines the 
modulation depth 𝑀 = (𝑅𝑜𝑛 − 𝑅𝑜𝑓𝑓)/𝑅𝑜𝑛, Ron and Roff represents the reflected 
power at the on- and off-state). Figure 4.9(b) shows the variation of the modulation 
depth with the distance. Interestingly, when the distance is half-wavelength (graphene 
electrodes are at the nodes of the standing wave), we do not observe any modulation 
in the reflectivity, because the electric field on the graphene is zero (Figure 4.9(a), 
Figure 4.10). Although the resonance behavior varies with the incidence angle, this 
device yield reasonably large modulation for broad incidence angles (Figure 2.11, 





Figure 4.7 (a) Measured microwave reflection at 10.5 GHz plotted against the bias 
voltage. The red curve shows the reflection in decibel. (b) Real time reflection from 
the device during periodic charging and discharging. The device yields around 50 dB 
reflection suppression ration. 
 
Figure 4.8 (a) Broad–band reflection spectrum from the device at various bias 
voltages. The noise floor is at -80dB. (b) Microwave reflection from the device 
plotted against the bias voltage and the spacer thickness which defines the distance 





Figure 4.9 (a) Variation of the modulation depth of the resonant device with the 
spacer thickness. When the graphene is at the antinodes, the modulation is around 
100% whereas, at the nodes the modulation is close to zero. (b) Broadband reflection 
spectra from the device for three different spacer thickness. 
 
Figure 4.10 (a) Reflection vs. voltage for two different distances. (c, d) Transmission 
line model for the resonant surface.  Graphene electrodes are represented by variable 





Figure 4.11 (a) Variation of the microwave reflection from the surface of the resonant 
device with different incidence angle (inset shows the incidence angle). (b) The 
modulation depth and (c) on-off ratio plotted against incidence angle. 
 
 
Figure 4.12 (a) Photograph of the pixelated microwave surface consist of 14 
individually addressable hexagonal shaped cells.  (b, c) Photograph of the front and 
back side of an individual cell. 
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 Next, we would like to discuss some device strategies to cover large area and 
nonplanar surfaces. Since microwave has centimeter scale wavelengths, operating 
these devices over a large area is essential for realistic applications. For this purpose, 
we developed pixelated surfaces formed by individually addressable hexagonal 
shaped devices (Figure 4.12). Similar type of multipixel devices has been 
demonstrated in THz frequencies [65, 76-78]. The individual device (Figure 4.13(a)) 
consists of a graphene capacitor, a solid spacer (2.5mm thick cardboard) and metallic 
back surface (aluminum foil). The microwave reflection from an individual device is 
shown in Figure 4.13(b). At 1.5V, the reflection decreases substantially with a 
suppression ratio of 1000. Figure 4.14 shows the microwave reflectivity maps of the 
individual pixel at various voltages. The strong reflection at 0V diminishes at 1.5V 
with slight background reflection due to the contact metals. Then we imaged 4 cells 
(scan area is limited by our scanner) at different voltage configurations. When we 
applied 0V to the cells we observed reflection from all devices. However, the 
reflectivity of an individual cell can be suppressed at 3V. Figure 4.15 shows 
reflectivity maps at different voltage configurations. The variation of the reflection 
within the single cell is due to the reflection from the edges and contact metals. These 
pixelated surfaces would yield various possibilities for active camouflage systems by 




Figure 4.13 (a) Exploited view of the structure of an individual cell showing the 









Figure 4.15 Scanning microwave reflection of 4 cells with different voltage 
configurations. 
  
 Furthermore, graphene electrodes on flexible polymer substrates allow us to 
fabricate non-planar adaptive microwave surfaces as well. Figure 4.16(a) and Figure 
4.16(b) shows concave and convex spherical surfaces formed by multiple 
individually addressable hexagon- and pentagon-shaped cells. The reflectivity of 
individual cell (structure shown in the Figure 4.12 and Figure 4.13) provide reflection 
suppression of 1000 for TE polarization. To test an extreme case, we fabricated a 
cylindrical surface with radius of curvature of 2.6cm (Figure 4.16(c)). Then we 
placed a metallic cylinder inside the device and measured the reflection from surface 
at various bias voltages.  Figure 4.17(a) shows the variation of the microwave 
reflection from the cylindrical surface as a function of voltage. Even for a large 
curvature, the microwave reflection is suppressed by 45dB at 2V. This modulation is 
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slightly less than the flat resonant surface due to the curvature of the device. The polar 
plot in Figure 4.17(b) shows the angular dependence of the reflectivity (at 0 and 2V) 
of the cylinder obtained by rotating the cylinder around its axis. The polar plot 
represents tunable radar cross section of the metallic cylinder.  We anticipate that the 
ability to cover non planar objects with these active microwave materials will enable 
new possibilities for microwave cloaking [65, 68]. 
 
 
Figure 4.16 Non-planar adaptive radar absorbing surfaces. (a, b) Photograph of 
concave and convex hemispherical surfaces formed by individually addressable 
hexagon and pentagon shaped adaptive cells. (c) Photograph of the cylindrical-
shaped switchable radar absorbing surface placed around a metallic cylinder.  The 




Figure 4.17 (a) Reflection from the cylindrical surface containing a metallic cylinder 
as a function of bias voltage. (b) Orientation dependence of the normalized reflection 
from the surface at 0 and 2V, respectively.  At 2V the reflectivity is suppressed by 
50dB for all directions. The variation of the intensity on the off-state is due the 
variation of the distance between the graphene electrodes and metallic cylinder.  
4.3.Discussion 
 In summary, we demonstrated a new class of adaptive microwave surfaces 
using large-area graphene capacitors. We show that graphene electrodes can operate 
as a tunable Drude metal at microwave frequencies owing to the high mobility 
carriers whose density can be tuned by electrostatic doping. Interestingly, this simple 
device structure yields unprecedented ability to control electromagnetic waves in a 
very broad spectrum from microwave to the visible spectra.  Combining this ability 
with various device architectures, we demonstrated electrically switchable radar 
absorbing surfaces with reflection suppression ratio of 50dB with operation voltages 
less than 5V. Furthermore, we fabricated various adaptive surfaces including 
pixelated and nonplanar surfaces. These electrically switchable radar absorbing 
surfaces provide technological advantages over the passive microwave absorbers. 
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Our benchmarking studies (see Table 4-3 and Table 4-4) show that the key attributes 
of these adaptive microwave surfaces are; the simplicity of device architecture, 
broadband operation, the mechanical flexibility and potential for low material cost. 
We believe that these adaptive microwave surfaces will open a new chapter for active 
camouflage systems which could find immediate applications in radar technologies. 
Furthermore, integration of these adaptive surfaces with metamaterial could yield 



















Type Material Reflection Loss Band 
width 






























6dB at 0.08 GHz 
50dB at 40 GHz 
0.08 to 40 
GHz 
6.4cm + Lindgren 
Polyurethane 
absorber 
20dB at 0.08 GHz 
50dB at 50 GHz 
0.08 to 40 
GHz 
152cm + Lindgren 
Polyurethane  
Wedge absorber 
30dB at 0.5 GHz 
47dB at 50 GHz 
0.5 to 50 
GHz 





25dB at 3 GHz 
50dB at 30 GHz 
3 to 30 
GHz 




30dB at 0.5 GHz 
45dB at 45 GHz 
0.5 to 18 
GHz 
61cm  RaMayes  
Ferrite tile wedge 
absorber 
20dB 0.03 to 
18GHz 
6cm - RaMayes 





95cm - RaMayes 
Polyethylene 
absorber 
30dB at 0.3GHz 
50dB at 110GHz 
0.3-
110GHz 
100cm + RaMayes 
Ferrite Styrofoam 
absorber 
25dB at 0.07GHz 
40dB at 40GHz 
0.07 to 40 
GHz 












Polyurethane foam 20dB >0.6GHz 11.4cm + RaMayes 
Reticulated Foam 
Absorber 
20dB >3GHz 5.08cm + RaMayes 
Honeycomb 
absorber 
15dB at 6 GHz 
20dB at 18GHz 
6 to 18 
GHz 
2.54cm NA RaMayes 
Ferrite tile flat 
absorber 
15dB at 30MHz 
40dB at 200MHz 
30MHz to 
1 GHz 
0.6cm - RaMayes 
Walkway 
absorbers 
20dB at 250MHz 
40dB at 30GHz 
0.25-30 
GHz 








20dB at 2Ghz 
45dB at 3.5GHz 
2-6 GHz 5.7cm + Lindgren 
Flat laminated 
absorber 
10dB at 8GHz 
25dB at 10GHz 
15dB at 18GHz 








22dB at 12GHz  - 0.75cm - [80] 
carbonyl iron and 
barium ferrite 
27dB at 12GHz - 0.4cm - [81] 
 






















































Electrically switchable metadevices 
Metamaterials have been a powerful tool to control and manipulate electromagnetic 
waves and their interactions with matter [33, 85, 86]. Integration of passive 
metamaterials with a variety of tuning mechanisms has been examined to generate 
active metadevices that have novel functionalities [87-90]. Based on the tuning 
mechanisms, these active metadevices can be classified into three general categories; 
circuit-, material- and physical-based metadevices [91]. The circuit-based 
metadevices use variable capacitors or switches to alter the lumped elements of the 
equivalent circuit. For instance, the reverse bias voltage applied on a varactor 
integrated on a split ring resonator changes the effective capacitance of the equivalent 
circuit [92-95]. Material-based metadevices rely on controlling bulk material 
properties such as permittivity, permeability or conductivity of the individual unit 
cell under an external stimulus [90, 96-101]. The conductivity of semiconducting 
material deposited in the split gap can be tuned by illumination and thereby alters the 
resonance frequency of the metamaterial. Similarly, interconnected metamaterials 
fabricated on a semiconductor surface, were used to tune the depletion area which 
alters the free carrier absorption [102, 103].  On the other hand, physical-metadevices 
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tune their response by changing their shape or relative position of sub-components 
(such as split gap) [104-108]. For example, micro electro mechanical (MEMs) based 
devices can tune the resonance frequency of metadevices in terahertz spectra [106]. 
Although these devices provide some degree of tunability, their performances are 
limited to narrow spectra with a small dynamic range due to the material and 
fabrication limitations. These technologies would benefit greatly from a material that 
yields large tunability over broad spectra. None of the existing materials provide 
these challenging requirements. Furthermore, the requirement for electrically 
controlled tunability places another challenge for practical applications of 
metadevices.  
 2-dimentional crystals provide new perspectives for reconfigurable smart 
surfaces that can be used for the realization of electrically tunable metadevices [10, 
64, 69, 109, 110]. The thickness of 2D crystals is much shorter than the effective 
wavelength and, therefore, their electromagnetic response solely originates from the 
charge carriers. Recent studies have shown that tuning the density of high mobility 
free carriers on graphene yield an unprecedented ability to control light-matter 
interaction over a very broad spectra ranging from visible to microwave frequencies 
[70, 111]. By engineering the shape or doping level, the plasmon frequency of 
graphene can be tuned in IR and THz frequencies [10]. In another approach, graphene 
is coated on a metamaterial [12, 112] or optical antennas [113, 114] to yield 
electrically tunable metadevices. Tuning the charge density alters the effective 
dielectric constant of the medium. However, these devices are not suitable for 
practical application due to limited tunability [115]. Recently, we discovered a simple 
device structure consisting of an electrolyte medium sandwiched between two large 
area graphene electrodes. This geometry permits an efficient mutual gating between 
two graphene electrodes that yield charge densities on the order of 1014 cm-2 [5].  
Using this supercapacitor structure, we fabricated various optoelectronic devices 
including optical modulators [5, 72], electro chromic devices [6] and switchable radar 
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absorbing surfaces  [116]. In this chapter, using graphene supercapacitors 
incorporated with metallic split ring resonators, we demonstrated a new type of 
electrically controlled metadevices. These metadevices are based on tunable high 
mobility free carriers on graphene to introduce electrically tunable dissipation in the 
resonator capacitively coupled to the graphene electrodes.  
5.1.Electromagnetic modelling 
Integrating split ring resonators (SRR) close proximity of graphene surface yields a 
new type of hybrid metamaterial whose resonance can be tuned by various means. 
Previous attempts to integrate graphene with metamaterials yield very limited 
modulation in infrared and terahertz frequencies. Here, we use a different approach 
using microwave metamaterials capacitively coupled to large area graphene which 
yields a substantial tunability. Figure 5.1(a) shows the schematic drawing of this 
hybrid structure. The presence of graphene in close proximity of the SRR introduces 
additional electrical losses due to the sheet resistance of graphene. The equivalent 
small signal model of the hybrid structure is shown Figure 5.1(b). The ring and split 
gap provide the inductance, L, and the capacitance, C, respectively. The resistor, R, 
models the dissipation on the metal due to the electrical and radiation resistance. In 
our design, the SRR is capacitively coupled to graphene (𝐶𝑐 = 𝜀𝜀0 𝑑⁄ , the coupling 
capacitance, 𝜀 is the dielectric constant of the medium and 𝜀0 is the free space 
permittivity). The graphene layer can be modeled by the sheet resistance (𝑅𝐺 =
1 𝜎(𝑛)⁄ , where 𝜎(𝑛) is a charge dependent sheet conductance of graphene) and 
quantum capacitance (𝐶𝑞 = 2𝑒
2√𝑛 ℏ𝑣𝐹√𝜋⁄  where 𝑒 is the elementary charge, 𝑣𝐹 is 
the Fermi velocity) of the graphene electrodes. The quantum capacitance of 
unintentionally doped graphene layer (𝐶𝑞~0.5𝜇𝐹/𝑐𝑚
2) is much larger than the serial 
coupling capacitance (𝐶𝑐~5𝑝𝐹/𝑐𝑚
2) and, therefore, in the small circuit model we 





Figure 5.1 Tunable graphene-SRR hybrid metamaterial: a) Schematic representation 
of the hybrid metamaterial consisting of split ring resonator capacitively coupled to 
the graphene layer. The capacitive coupling is defined by the SRR-graphene 
separation, d. b) Small signal equivalent model of the graphene-SRR hybrid 
metamaterial. SRR is represented by the L, R, C lump circuit elements; the graphene 
layer is modeled by the variable sheet resistance, RG and quantum capacitance, CQ. 
Cc models the capacitive coupling. 
 
 We can tune the electrical resonance of the metamaterials by altering the 
SRR-graphene spacing or by tuning the charge density. First, we would like to 
understand the tunability of the resonance of the hybrid structure, using finite element 
analyses and then we will present the experimental realization of the proposed 
metadevices. Finite Element Method (FEM) simulations were performed on 
COMSOL Multi-Physics software package. The graphene layer is modelled as a 
transient boundary condition with parameterized conductivity function in 
Electromagnetic Waves and Frequency Domain pack. The low frequency limit of the 
conductivity is a function of DC conductivity and thickness of the graphene layer. 
The electrical thickness of the graphene layer is taken as 0.3 nm. Meta-material is 
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modelled with Floquet periodic boundary condition in lateral directions. The 
electrical properties of copper are introduced with perfect electrical conductor 
boundary condition. In the transverse direction, the port boundary conditions are 
employed for injecting EM waves and reading polarization dependent power. For the 
simulations, we used unintentionally doped graphene with sheet resistance of 3kΩ 
and varied the SRR-graphene distance from 2.0 mm down to 0.05 mm. The variation 
of the calculated transmittance spectrum (
2
21S ) with the SRR-graphene spacing is 
given in Figure 5.2(a).  The presence of a free carrier on graphene permits the 
damping of the resonance. This additional dissipation changes the resonance 
transmission of the metamaterial. For a spacing of 2 mm, SRR yield a -50 dB 
transmittance at the resonance. As the spacing decreases, the resonance transmittance 
varies from -45 dB (d=2 mm) down to -8 dB (d=0.068 mm). We also observed a 
slight change in the resonance frequency from 15.4 to 14.3 GHz. controlling the sheet 
resistance of graphene with electrostatic doping, yields an electrical means for tuning 
metamaterial. We calculated the transmittance spectra by altering the sheet resistance 
of graphene at a fixed distance (Figure 5.2(b)). The resonance transmittance is tuned 
from -42 dB down to -15 dB by tuning the sheet resistance from 10 kΩ to 0.5 kΩ. 
The quality factor of the resonance drops due to enhanced dissipation. The simulation 
results suggest that metamaterial placed at a distance of 0.3 mm away from graphene 
yield the largest modulation. We observe an opposite behavior (decrease in the 
transmittance) at the off-resonance frequencies. The decrease of transmittance at off-




Figure 5.2 Simulated S21 values for a graphene-SRR hybrid metamaterial: a) 
Calculated transmittance spectra for various graphene-SRR distance values with 3kΩ 
sheet resistance of graphene. b) Calculated transmittance spectra for various sheet 
resistance of graphene (10 to 0.5 kΩ) at graphene-SRR distance of 0.5 mm. 
5.2.Fabrication of graphene metadevice 
After understanding the basic device considerations, we fabricated the proposed 
electrically switchable metadevices. The technical challenge for graphene based 
microwave devices is the requirement of large area devices due to the centimeter 
scale wavelength (i.e. λ= 3 cm at 10 GHz). The ability to synthesize large area 
graphene with chemical vapor deposition on copper foils enables us to realize the 
proposed microwave metadevices [117]. Figure 5.6(a) shows the schematic drawing 
of the device consisting of an ionic liquid electrolyte sandwiched between two large 
area graphene electrodes. The picture of the fabricated device is shown in Figure 
5.6(b). Graphene electrodes were synthesized on copper foils using the chemical 
vapor deposition system and then transferred onto flexible PVC substrates using hot 
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lamination technique. The metallic SRR were fabricated on PVC by printing the SRR 
shapes on 10 µm thick copper foil followed by chemical etching of copper as 
explained in Figure 5.3. The transferred graphene grown copper and etched SRR 
arrays are laminated with multiple PVC layer by using a hot laminating machine as 
shown in Figure 5.4. The number of PVC layer between SRR arrays and the graphene 
layer determines the distance between them. After cutting the laminated graphene-
SRR stack, graphene grown copper is etched in a 5mM FeCl3 aqueous solution for 
10min as shown in Figure 5.5. We use a thin layer of tissue as a spacer between two 
graphene electrodes in a metadevice. We first put tissue on graphene electrode on 
which the SRR array is laminated and then we drop an ionic liquid on the tissue. To 
finalize the fabrication of metadevice, we put another layer of graphene on PVC on 
the ionic liquid soaked tissue. This device structure resembles supercapacitors formed 
by single layer graphene electrodes. The simulation results guided us to find the 
optimum graphene-SRR separation of 300 µm. The electrolyte permits mutual 
electrolyte gating between the graphene electrodes without any metallic gate 
electrodes. Under an external bias voltage, the electrolyte gets polarized and 
electrostatically dopes the graphene electrodes. The graphene electrode connected to 
the negative voltage gets electron-doped (n-doped), whereas the other one gets hole-





Figure 5.3 Fabrication of large area split ring resonator structure. a) A PVC film is 
laminated on 10μm thick, clean copper foil. SRR structure is printed on the laminated 
copper foil by using HP color laser jet printer (CP2020). The printed toner works as 
an etch mask. b), c) After printing SRR structure on laminated copper foil, the copper 
foil is etched in a nitric acid aqueous solution. The printed SRR patterns masks the 
laminated copper film to form SRR structure hence un-printed area on the copper is 
etched. d) Picture of the fabricated SRR structure on PVC substrate after washing and 





Figure 5.4 Lamination of fabricated SRR arrays on a graphene transferred PVC. a) 
Single layer graphene is grown on large area copper film and laminated onto polymer 
film (PVC). b) The SRR is laminated on graphene-grown copper. The four layers of 
PVC films are inserted between graphene grown copper and the SRR structure as a 
spacer between graphene and SRR array. c) Laminated SRR array on top of graphene 
grown copper. d) SRR laminated graphene grown copper is shown.  The layers from 





Figure 5.5 Etching the graphene grown copper laminated on the SRR arrays. a) We 
used 5mM FeCl3 aqueous solution to etch the graphene grown copper foil, it gets 
10min to etch 20μm thick copper foil. b), c) Picture of the graphene layer laminated 
on SRR arrays after etching the graphene grown copper foil. Two strip near the edge 
of the sample are contact metals used to take electrical contact from graphene layer. 
d) Picture of the fabricated graphene-SRR stack is shown, SRR arrays are at the top 
and graphene is at the bottom. Here four layers of PVC are used as a spacer between 
graphene and SRR arrays. The distance between the graphene layer and the SRR 




Figure 5.6 Electrically switchable metadevices. a) Schematic representation of the 
graphene supercapacitor integrated with split ring resonator. The graphene-SRR 
spacing is controlled by the thickness of the polymer PVC substrate. b), c) 
Photograph of the fabricated device. The graphene supercapacitor consists of two 
large area graphene transferred on PVC substrate and electrolyte medium between 
them. The inset shows SRR with a split gap of 85 µm. 
 
5.3.Microwave response of graphene metadevice 
After assembling the device, we measured the scattering parameters using broadband 
horn antennas and a two-port network analyzer. To excite the electrical resonance, 
we polarized the electric field along the split gap of SRR. A schematic drawing of 
two horn antennas and the graphene metadevice is presented in Figure 5.7. Figure 
5.8(a) and Figure 5.9(a) show the amplitude and phase of the transmittance through 
the fabricated device at various bias voltages. At 0 V, the device yields a resonance 
at 11.02 GHz with a resonance transmittance of -65dB. When we applied a bias 
voltage, electrons and holes accumulate on the graphene electrodes and yield 
significant damping which diminishes the resonant behavior. At -3V, the resonance 
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transmittance is -20 dB (background level). The phase of the resonance also yields a 
substantial change. Figure 5.8(b) and Figure 5.9(b) show the voltage dependence of 
the amplitude of transmittance at resonance (11.02 GHz) and the phase at 11 GHz. 
The phase of the transmitted signal varies from -75o to 22o. We observed a symmetric 
behavior when we change the polarity of the bias voltage.   
 
 
Figure 5.7 Schematic representation of microwave measurement setup for graphene 
metadevice. Fabricated device is located between two horn antennas connected to 





Figure 5.8 a) Frequency dependent magnitude of the transmittance at various bias 
voltages. The color bar shows the bias voltage. b) Voltage dependence of the 
amplitude of the transmittance at 11.02 GHz. 
 
 
Figure 5.9 Phase modulation of transmittance as a function of frequency for varying 
bias voltages around resonance frequency of 11.02 GHz. b) Modulation depth of the 
phase as a function bias voltage at the frequency of 11 GHz. 
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 To gain more insight of the metadevices, we measured the electrical 
characteristics of the graphene supercapacitor. We measured the voltage dependence 
of the capacitance of the device and sheet resistance of the graphene electrodes 
(Figure 5.10(a)) by applying a small alternating voltage (0.1 V at 20 Hz) 
superimposed with a variable DC voltage. The sheet resistance varies between 2.8 
kΩ down to 0.5 kΩ, whereas the device capacitance increases from 0.7 to 2.8 µF/cm2. 
The total capacitance is defined by the quantum capacitance of the electrodes because 
the thickness of the ionic double layers is around a few nanometers, which makes the 
electrostatic capacitance of electrical double layers much larger than the quantum 
capacitance of the device. The minimum capacitance is limited by the unintentional 
doping and charge puddle formation on graphene. From the capacitance 
measurements, we estimated that the charge density varies from 0.2 to 8x1013 cm-2. 
We observed two peaks both in the voltage dependence of the resistance and 
capacitance due to the slight difference between the charge neutral points (Dirac 
point) of the top and bottom graphene electrodes. Figure 5.7(b) shows the variation 
of the resonance transmittance with the sheet resistance of the graphene electrodes. 
In comparison to the previously published results of tunable metamaterials, this 
device shows a much larger modulation depth (>50 dB) with low operation voltage 
(3V). The improved device performance is a result of the new hybrid structure formed 
by SRR capacitively coupled to the graphene layer. In this device structure, the 
tunable charge density yield large dynamic range and atomic thickness yield low 
insertion loss. There is an ability to control intensity, and phase yield another 




Figure 5.10 Electrical characteristics of the metadevices: a) Variation of the sheet 
resistance and capacitance of the device. b) The resonance transmittance of the 
metamaterials plotted against the sheet resistance of graphene electrodes. 
 
 The dynamic range of the metadevices depends on the capacitive coupling 
between the metamaterials and the graphene electrode. This coupling is determined 
by the thickness of the polymer substrate. To find the optimum thickness, predicted 
by the electromagnetic simulation, we fabricated different metadevices with different 
the graphene-SPR separation. Figure 5.11(a) shows the voltage dependent resonance 
transmittance for these devices. When the metamaterials are very close to the 
graphene layer, even unintentional doping on graphene is enough to diminish the 
resonance. Furthermore, the modulation depth is very limited as shown in Figure 
5.11(b). Even with very large charge density modulation, the device with 0.15 mm 
spacing shows very little modulation (<10 dB). In the case of long distance (d > 500 
µm), we observe a strong resonance with small modulation. We obtained an optimum 
thickness of 300 µm which yields a modulation depth of 50dB. The dynamic range 
of the device is limited by the tunability of the charge density on graphene layer.  The 
electrochemical window of the ionic liquid electrolyte limits the maximum 
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accumulated charges. The unintentional doping, lack of electronic band gap and 
charge buddle formation limits the minimum charge density. Other 2D crystals with 
electronic band gap could provide a larger dynamic range.  
 
Figure 5.11 Optimization of the device performance: a) Voltage dependence of the 
resonance transmittance for metamaterial with different graphene-SRR separation. b) 
Modulation depth plotted against the graphene-SRR separation. 
  
 The results presented here confirm a promising approach for electrically 
controlled metadevices. The core idea of the approach is based on the electrical tuning 
of dissipation on metamaterials that are capacitively coupled to large area graphene 
electrodes. Electrostatic tuning of the charge density on graphene yields broadband 
controllability on metamaterials. The operation frequency of these metadevices can 
be easily scaled down to the terahertz frequency. Large modulation depth, simple 
device architecture and mechanical flexibility are the key attributes of the graphene-
enabled metadevices. We anticipate that the presented approach could yield new 
applications ranging from electrically switchable clocking devices to adaptive 





In summary, we developed large area graphene based active microwave surfaces, for 
the first time, to control reflection, transmission and absorption of microwaves. We 
used large area graphene as an active material. Graphene has a tunable intraband 
optical absorption in microwave region of electromagnetic spectrum hence tuning the 
sheet resistance of graphene enables to control microwave optical response of 
graphene.  For this purpose, we fabricated large area graphene supercapacitors by 
using two large area graphene electrodes and an ionic liquid between them. When we 
apply a voltage difference between two graphene electrodes of the supercapacitor, 
positive and negative ions are collected at graphene-ionic liquid interface called 
electrical double layer (EDL) having a thickness of few nanometer. High voltage drop 
in the small thickness of EDL create a high electric field on the surface of graphene 
electrodes. That high electric field shifts the Fermi energy of graphene above or 
below the Dirac point hence sheet resistance of graphene electrodes decrease. Using 
this gating mechanism of graphene electrodes, we controlled microwaves in free 
space. We developed three types of device structures; broad band microwave 
modulators, radar absorbing surfaces, and active metadevices.   
 Broad band microwave modulators are based on large area graphene 
supercapacitors. We measured the transmission and reflection of the device at 10GHz 
for varying sheet resistance values, and we calculated absorption by subtracting 
reflection and transmission amplitude from the incident radiation amplitude. As a 
result, we changed reflection from the surface of device from 2% to 20%, 
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transmission from  70% to  33% and hence absorption from 22% to 44%. We can 
actively control the optical response of our device in microwave. The second type of 
device that we developed is the active radar absorbing surfaces. This device is 
reflection type and can be used for active camouflage applications. We use large area 
graphene supercapacitor with a metal plate. We place the metal plate at a distance 
from the supercapacitor and we measured the microwave reflection from the surface 
of the device. Due to the resonant nature of the device, a resonant frequency is 
absorbed at 60dB ratio. The wavelength of the resonant frequency is four times the 
optical path between the metal plate and the graphene supercapacitor. When we vary 
the bias voltage on the graphene electrodes, we can tune absorption of the device with 
50dB modulation depth. We investigated individually addressable hexagonal device 
structures to be able to cover nonplanar surfaces and we imaged their microwave 
absorbing performance. We also designed a cylindrical device structure to show 
flexibility of our radar absorbing surface. The third device is based on the integration 
of graphene supercapacitors with a metamaterial surface. Graphene supercapacitors 
are capacitively coupled to the metamaterial array by placing the device at a critical 
distance above the metamaterial array. When we change the sheet resistance of the 
graphene electrodes by applying a bias, we tune the coupling impedance and 
capacitance. In this way, we can control the resonance amplitude with 50dB and 
phase with 100o modulation depth by varying the bias voltage. 
 In conclusion, we investigated the way of active controlling microwaves in 
free space by using unique device structure based on graphene. We extend our work 
to obtain high performance radar absorbing surfaces and individually addressable 
pixels of them. As a final application of our device, we integrated the device to a 
metamaterial surface to control amplitude and phase of the transmitted microwaves 
at resonance frequency. Our method of controlling microwaves can find applications 
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